PHYSICAL REVIEW A, VOLUME 62, 012902

Energy loss of fragment protons dissociated from 0.2- and 0.5-Me¥mu H,* ions incident
in carbon foils

Yasufumi Susukf, Martin Fritz, Kenji Kimura, and Michi-hiko Mannami
Department of Engineering Science, Kyoto University, Kyoto 606-01, Japan

Rafael Garcia-Molin&a
Departamento de Bica, Universidad de Murcia, Apartado 4021, E-30080 Murcia, Spain

Isabel Abril
Departament de Bica Aplicada, Universitat d’Alacant, Apartat 99, E-03080 Alacant, Spain
(Received 1 December 1999; published 9 June 2000

Energy losses of fragment protons from 0.2- and 0.5-MeV/aniuwWere measured at transmission through
amorphous carbon foils of thickness less tharg2fcn?. The energy losses of randomly oriented fragment
protons and those of the fragment protons aligned in the direction of motion show how the spatial correlation
of the protons affects the energy loss. We use the dielectric formalism to calculate the stopping power of
amorphous carbon for two spatially correlated protons and compare with the experimental energy-loss data.
We conclude that higher energies or thinner foils are necessary to understand the anomalous energy loss of
aligned proton pairs.

PACS numbe(s): 34.50.Bw, 36.40-c

I. INTRODUCTION with respect to the direction of motion. Steusral.[9] mea-
sured the energy loss of the fragments resulting from the
The behavior of fast charged particles moving throughdiSSOCiation of diatomic molecular ions with their internu-
solids is an important subject, since its study offers bottclear axes parallel to the beam direction, where a sizeable
basic and applied possibilities to improve our understandingariation in energy loss is expected. ) o
of the nature of matter and allows a controlled modification _Determinations of the energy loss of fragment ions in thin
of the properties of materials. Recent studitg] have made  [0ilS, except for the study by Brandit al. [5], have so far
cbeen done through the measurements of the energies of

electrons of the solid in the energy loss of fast charged parcMer9ing individual fragment ions. In the present investiga-
ticles moving through it. This response is calf@alarization tion we have arranged an experimental setup where only the

wakeand represents electron density oscillations trailing beENErgy losses of proton pairs are detected. After transmission

hind the charged particlEL,3]. This wake affects not only of the fragments dissociated from,H ions through amor-

X . . . phous carbon foils, energy-loss ratios are measured for the
the motion of the part|c_le that creates it, but also the motlorﬁrotOn pairs exiting the foil with the internuclear axis ori-
of nearby charged particlgéd].

g ) ented randomly, or parallel, to the direction of motion. For
In the pioneering study of the energy loss of f:agme”tcomparison with the experimental energy-loss ratios, we

protons that result from the dissociation of Hand K™ in haye calculated the stopping power of amorphous carbon for

carbon and gold foils, Brandit al.[5] showed that the ratio  spatially correlated protons, using the dielectric formalism

of the energy loss of a cluster of protons to the sum of thg18] to describe the electronic excitations in the stopping

energy losses of the corresponding isolated components faedium and taking into account the time evolution of the

larger than 1. The result that the energy-loss ratio is differeninternuclear separation due to Coulomb repulsion between

from unity was ascribed to the interference of the polariza-oth protons.

tion wakes created by the fragments, which modify the re-

tarding force acting on the protons of a cluster; this is re- Il. EXPERIMENTAL SETUP

ferred to asvicinage effects Since this study, many A narrowly collimated beam of b or H* ions with
experimental and theoretical works have been published OBnergies 0.2 and 0.5 MeV/amu from the 4-MV Van de
the energy loss of fragments of molecular i¢fs-17]. Graaff accelerator of Kyoto University was introduced in a
Theoretical studies have shown that the energy loss of gcattering chamber at high vacuum conditions, where a mov-
the length and orientation of the internuclear axis of the paitarbon foils of thicknesses ranging from 2y/cnt to 25
wg/cm? were mounted on the target ladder holding seven
foils. The mass density of the target was 1.65 g/emd the
*Present address: Department of Physics, Osaka Kyoiku Univerfoil thicknesses were determined comparing the measured
sity, Kashiwara, Osaka 582, Japan. energy losses for protons at 0.2 MeV and 0.5 MeV with the
TPresent address: HSTD Tester Business, Hewlett-Packard Japatopping power data compiled by Andersen and Ziedlét.
Ltd., 9-1, Takakura-Cho, Hachioji-Shi, Tokyo 192-8510, Japan. The diameter of the beam was less thanulf, the irradia-
*Corresponding author. tion was done at several positions per each foil, and the
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measured thickness was averaged. We checked that the di 004 —/———F/————————————7———1—
ferences in measured thicknesses, due both to the inhomog { N
neities of the foils and the calibration with two proton ener- 0.5 MeV/amu H,
gies, were within 5%. The effect of impurities on the target .
is very small, a few percentage points in our experiment
[20].

The ions transmitted through each one of the foils on the’s
ladder were detected by either of two solid-state detectorsé
(SSD, PD25-10-500, and PD25-10-100 AM, Camberra In-.g
dustries, Ing. placed at 5 cm and 278 cm downstream from
the target. The former SSD, which we call U-SSD hereafter, ° .
accepted ions scattered within angles less than 3.2°, and th popl—m—m
latter one, which we call D-SSD, did the same with ions 0 3 10 15 20 e 30
scattered within angles less than 0.04°. _ foil thickness (ug/cm’)

The angular deflections of the fragment kbns resulting
from the Coulomb explosion of H ions in free space were FIG. 1. Thickness dependence of the ratio of the fraction of
less than 0.8° for the slowest,H ions used in the experi- aligned pairs to the fraction of isolated protons transmitted through
ment; thus the acceptance half angle of the U-SSD was widthe amorphous carbon foil. The energy of thg"Heam was 0.5
enough to detect almost all the pairs ot Hons formed in ~ MeV/amu.
the foil; i.e., the randomly oriented fragment pafrandom
pairs) were detected. On the other hand, the D-SSD couleénergy spectrum could be fitted to a Gaussian distribution
accept only the fragment pairs with their internuclear axesand the most probable energy at the peak was determined
aligned parallel to the direction of motion; we will refer to with an accuracy of 0.1 keV.
these pairs asligned pairsin the following. To eliminate From the difference of the peak energyof the incident
H," ions that could be transmitted through the thinner foilsH,* ions and the peak enerdy;(z) of the pair of protons
or formed by recombination of protons at foil exit, a mag- transmitted through a foil of thickness the most probable
netic charge-state separator was installed in front of thenergy loss of the fragment pairs was determined B$z)
D-SSD; in any case, thesg, Hwould have a negligible con- =E—E;(z). Energy losses of 0.2 and 0.5 MeV/amd kbns
tribution to the loss, as its fraction is rather snjall]. Inthe  were also measured for comparison with the losses of the
energy spectrum obtained from the D-SSD, the yield of fragfragments. The dependence of the most probable energy loss
ment pairs is small compared with the yield of isolated pro-of random pairs AEg), aligned pairs AE,), and isolated
tons. To avoid the random pulse pile-up of the isolated proprotons AE,), on the thicknesg of carbon foil at the trans-
tons, we measured the energy spectra of proton pairs atraission of 0.2 and 0.5 MeV/amu,H and H" ions is shown
counting rate less than about 100 pulses/s. The energy spdeo-Figs. 4a) and 2b), respectively. The ratios between the
tra of the incident H* ions were measured with the two energy losses of proton pairs and isolated protons,
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lil. EXPERIMENTAL RESULTS 30¢ @) T

The mean electric pulse height produced by the pairs of 20l . ]

protons was almost twice as large as that of single protons o

the same velocity, and almost all the detected pulses at th 0L ® ]

U-SSD were due to fragment pairs. In the energy spectrum~ &

obtained with the D-SSD, a peak due to isolated protons wa<y 8§ . . . .

observed besides the peak due to aligned pairs that wis 28- ' ' ' ' ' i i

wanted to measure. These isolated protons had lost th3 (b)

memory of their initial molecular orientation and their part- .

ner protons as the result of multiple small-angle scattering in 100 _

the foil. In Fig. 1 we show the thickness dependence of the g

ratio of the fraction of aligned pairs to the isolated proton .

fraction transmitted through the foil for the case of 0.5 MeV/ 0 S — . . . .

amu H . Even at the thinnest foil used here, the fraction of 0 5 10 15 20 25 30

the aligned pairs was only about 3%, showing that the cor-

related motion of the fragment pair is considerably disturbed

by the multiple small-angle scattering. FIG. 2. Thickness dependence of the most probable energy
After the correction of energy loss in the surface deadosses of random pair® AEg), aligned pairs [J AE,), and iso-

layer (about 50 nm equivalent thickness of) 8f the SSD’s,  ated protong— AE,) at the transmission a#) 0.2 MeV/amu and

the pulse heights were converted into energies. The energy) 0.5 MeV/amu H* and H' ions through amorphous carbon

resolution of the SSD’s was 10 keV, however the peak of thdoils.

foil thickness (ug/cm’)
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and random, respectivelywill characterize the vicinage ef-
fects of the fragments dissociated from"Hions and trans-
mitted through the carbon foils.
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IV. THEORY

The mean energy loss of a spatially correlated pair of ions
differs from the sum of the energy losses that would be ex-
perienced by the individual ions. This vicinage effect de-
pends on the molecular velocity and the orientation and 0.0
length of the internuclear vector. In what follows we shall
consider only the electronic energy loss since this is the prin-
cipal mechanism at high velocities. Atomic urig2] will be
used throughout these calculations.

The stopping poweg, for a proton moving with velocity

v through a medium characterized by a dielectric functioncar'gloi' ?heEggt?Qcisg ;Lr’]gs\fioe?(plg;irr:éen(tg'l aa)itaoir:r:]cggggfs
#(0,) is expressed in the dielectric formalism as The solid lines correspond to results obtained with &}, as de-

scribed in the text.

energg loss f
th

2 (=dq (o -
Sp=— —f do o Im ——|, (1)

mv2Jo d Jo e(q,w) IA(r)=1(r,0)
whereq andw are the momentum and energy transferred to 2 de_q qu | -1 ro
the electronic excitations of the stopping medium. Taking  av2s Jo d o @®im e(q,w) €0 v/
into account the correlated motion of the two protons result- .
ing from the dissociation of the H ion, the electronic stop- ®)
g:\r/\gnpg;v[elrdgor the pair of protons moving with velocityis In order to evaluate the stopping power using E@,

(4), and(5), it is necessary to specify the dielectric function
Spail1,0)=2[1+1(r,0)] S, 2) e(q,w) of the amorphous carbon foils; we model the dielec-

tric properties of the target by a sum of two Mermin-type

where I(r,0) is the vicinage functionS, is the stopping energy-loss functionfl8,23,

power for a single proton, given by EL), r is the internu-
clear distance, and is the angle between the internuclear
vector and the direction of motion of the pair.

The vicinage functiori (r,#) measures the collective ef-

-1

() - ©®

Im

2
= Ai Im
i=1

em(Q, @; i, %)

-1
&(q, )

fects that appear in the stopping power for the correlategyheree,, is the Mermin dielectric functiofi24] and ; and
loss function Infi— 1/e(q=0,w)]. Mermin’s dielectric func-
tion is a generalization of Lindhard’s dielectric function for a
I w cosé i
XCOS(—U )Jo(r sing\Vg*—w*v®), (3) fitted the experimental energy-loss function for amorphous
carbon, taken from Ref.26], with the expressiori6) at q

proton pair and it can be written 4] y; are plasmon energy and damping, respectively, which are

related to the location and width of the peaks in the energy-
2 (=dq(a
I(r,0)= 5 f —f do wIm
mv°SyJ0 4 Jo X X S

free-electron ga$25], but it takes into account the finite
plasmon lifetime and preserves the local particle number. We

whereJy(- - -) is the Bessel function of the first kind. For the =0, USINGA;, w; andy; as the fitting parameters; the coef-

case of random pairs, the vicinage function only depends ofici€ntSA; in Eq. (6) were calculated imposing sum rules to

the internuclear distanaeand it becomes fit to the number of valence electrons in carbon. Using the
set of parameter8,;=0.2363,w,;=0.23 a.u.,y;=0.21 a.u.,
I(r)=(1(r,0)), A,=0.7088,w,=0.94 a.u., and/,=0.49 a.u., we reproduce
the two broad peaks at0.2 a.u. and~0.9 a.u., which cor-
2 =dq sin(qr) (a -1 respond to the collective excitations af and o+ 7 elec-
= f F qr dw @ Im m} trons in carbon, respectively. In Fig. 3 we show the evolution
TS0 0 : of the energy-loss function I 1/e(q,w)] of amorphous

(4)  carbon as a function of the transferred enesggnd momen-
tum g. The dots represent the experimental data from Ref.
where(- - - ), denotes the angular average. For a pair of pro{26] at q=0. It is appreciated from Fig. 3 that the peak
tons oriented in the direction of motion, i.e., for the alignedstructure atj=0 disappears agincreases, which means that
pair, we have the vicinage function the collective excitations decay to single excitationsgat
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FIG. 4. Vicinage functions for random paifs-) and for aligned ) ]
pairs(- - -) in amorphous carborta) 0.2 MeV/amu B* and(b) 0.5 FIG. 5. Comparison of the experimeni@ymbolg and calcu-
MeV/amu H™. lated (solid lines energy-loss ratios of(a) random pairs,

AER/2AE,, and(b) aligned pairsAE,/2AE,, at the transmis-

>0, a behavior that is well reproduced by our model Whension of 0.2_ MeV/amu Iz_l’r through amorphous carbon foils, plotted
compared with available experimental df24]. as a function of the foil thickness.

Equations(4) and (5) are calculated with the energy-loss
function shown in Fig. 3. In Fig. 4 we show the vicinage
functions for random pairs and for aligned pairs, as a func
tion of the internuclear distance, for the case of 0.2 and 0.
MeV/amu H* ions. The vicinage functiohg(r) for random
pairs decreases monotonically msncreases. Figure(d), 20
corresponding to 0.2 MeV/amu M, shows thatlg(r) is AEj(z)=2vSpf dt[1+1(r(t)] (j=RA), ()
practically zero at about~7 a.u. On the other handl,(r) 0
decreases rapidly with increasing distancand becomes
negative atr=3 a.u. It is negative even at=10 a.u. and
approaches to zero at largerwhere the interference effects
gradually vanish. The positive and negative values of the AE(2) v (v _
vicinage functionl (r) come from the position of the trail- leJr ;f dthi(r(t)) (=RA). (8
ing proton relative to the leading one, where the force due to P 0
the wake of the leading proton may be repulsive or attractivg,sjng the vicinage functions depicted in Fig. 4, the ratios of
on the trailing proton. Similar characteristic features can b%nergy losses, Eq8), for random and aligned pairs were
seen in the vicinage function for the case of 0.5 MeV/amU.5iculated for 0.2 MeV/amu and 0.5 MeV/amuy, Hions.

H,™ ions, shown in Fig. &), but now the negative interfer- Thjs ratio characterizes the deviation from the energy-loss
ence effects appear for larger internuclear distances.  aqgitivity of the individual noncorrelated protons resulting

After the H," ion enters the target it loses its binding from the dissociation of a molecule, and indicates the inter-
electron in the first few atomic layers and then it movessgrence effects in the energy loss due to the correlated mo-
through the target as a pair of correlated protons undergoingon, of two protons in an amorphous carbon foil.
mutual repulsion. Therefore, the internuclear separation From the widths of the peaks of the energy spectra of the
creases as the pair of protons moves deeper in the targgfagment protons, we found that the internuclear separation
Using a screened Coulomb potentd(r)=r""exp(-r/a)  of H,* had a rather broad distribution, as noted by Brandt
[28], wherea=v/wy, is the screening length and,=0.94 et a1, [5]. In order to check the effect of the initial internu-
a.u. is the largest plasmon energy of the amorphous carbdflear separation on the energy loss ratio, we calculated this
target, we have obtained the time-dependent internucleghtio using a mean value of=1.25 A and also taking into
separatior (t), assuming an initial valug, at its entrance of account the initial distribution of the distances, but the
the target surface. It is worth noting that in the velocity re-energy-|oss ratios were practically the same in both cases for

gime which we are dealing with in this work, the final results the range of thicknesses studied in the present work.
of energy losses hardly change if we consider a pure Cou-

lomb potential.

Equation(2) provides the stopping power of the target for
a proton pair with a given internuclear separation, for the In Figs. 5 and 6 we have depicted the energy-loss ratios
cases of random and aligned pairs. Taking into account thdbr random and aligned pairs for the case of 0.2 and 0.5

the internuclear separation increases as the proton pair pen-
etrates the target,(t), and assuming that the velocity is
gonstant, the energy loss of the proton pair traversing a foil
of thicknessz is

wherelg(r(t)) and1,(r(t)) are given by Eqs(4) and (5),
respectively. Finally the energy-loss ratio will be

V. DISCUSSION AND CONCLUSIONS
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2.0 - . - . - that of random pairs as the foil thickness increases.
0.5 MeV/amu H," (a) Random Deviations of the energy-loss ratios of the aligned pairs of
L5F 4 1 0.2 MeV/amu H* from the theoretical curve are larger at
10 . s . the thinnest foils. The deviations come from the large energy
) losses of the aligned pairs and are supposed to be related to
EQ 05k the mechanism of energy-loss measurement used in the ex-
S periment. In the present experimental setup, we expected that
>, 00 = = = = the protons of a pair hit the SSD simultaneously and that the
> (b) Aligned SSD generates a single electric pulse. This was realized in
L ] the U-SSD, where the maximum interval of two arriving
L0 2 2} 2 protons of a pair was about 90 ps. In the D-SSD, however,
the trailing proton of the aligned pair originated from a 0.2
0.5F MeV/amu H,* hits the D-SSD about 5.2 ns after the hit of
the leading proton. This interval is comparable to the rise
0.0, 5 10 G 20 25 times of the electric pulse generated by an isolated proton in

foil thickness (ug/fem’)

FIG. 6. Comparison of the experimenta@ymbolg and calcu-

lated (solid

lineg energy-loss ratios of(a)

random pairs,

AER/2AE,, and(b) aligned pairsAE,/2AE,, at the transmis-
sion of 0.5 MeV/amu H* through amorphous carbon foils, plotted
as a function of the foil thickness.

MeV/amu H" ions, as a function of the carbon foil thick-
ness expressed jmg/cn?. The experimental energy-loss ra-
tios (represented by symbolsvere derived from the data in
Fig. 2 and are compared with the calculated ofs®wn by
solid lineg. The theoretical ratios for random pairs are al-

ways larger than unity for both energies. The ratios for

aligned pairs decrease more rapidly than those for rando

pairs, and become less than unity, after which they approac

unity for larger thicknesses.

It must be noted, however, that all the measured ratios fof/niC

aligned pairs are larger than unity, while the theory predict
ratios smaller than unity at larger foil thicknesses. This dis
crepancy may be related to the multiple small-angle scatte

ing in the foils: Even at the thinnest foil and higher energy
used in the experiment, the detected aligned pairs are abofl
3% of the total detected ions in the forward direction, as was

the semiconductor detector and of the output voltage signal
of the preamplifier. The delayed proton signal may overlap
the preceding proton signal to give a signal that is slightly
smaller in height than the signal of the proton pair hitting the
SSD simultaneously. This effect was not observed for
aligned pairs of 0.5 MeV/amu H, where the corresponding
interval is 3 ns.

The energy-loss ratio increases with the projectile energy
both for random and aligned proton pairs and goes to unity at
larger foil thickness. This behavior is because the interfer-
ence effects spread at larger internuclear distances as the
energy increases. This tendency is followed both by the cal-
culations and by the experimental data.

We conclude that, in the range of energies and thicknesses
tudied in this work, there are no significant experimental
ifferences for the energy-loss ratio of aligned and random
pairs; the main discrepancies appear for the thinner foils,

hich are the more difficult to be properly characterized. It is

esirable to use higher-energy, Hions or thinner target

Toils to detect the anomalous energy loss of aligned proton
rQairs. The effects of multiple small-angle scattering of frag-

ment pairs can be made smaller at the above-mentioned ex-
Frimental conditions.
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