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Abstract. Energy loss measurements were made Cor 12-5—130 keV per nucleón H + and H* 
on carbón and aluminium foils. For incident , both H* and H j aretransm itted; theenergy 
per nucleón of the latter being lower than that of transmitted H*, at low energies. The theory 
shows this is due to interference effects in the binary excitation of target electrons by the 
spatially correlated protons and suggests that transmitted H* results from di-protons travel- 
ling inside the solid with the internuclear axis aligned cióse to the direction of motion.

It has been know n for som e tim e tha t fast H *  ions m oving in solids do  no t lose energy at 
the sam e ra te  as tw o n o n -in te rac tin g  p ro to n s  (for a  review, see B rand t and  Ritchie 1976). 
T he ra tio s o f stopp ing  pow er per nucleón  R  =  ^ d E / d x ) HÍ/(dE i dx)H, ha ve been found 
to  be larger th an  un ity  for p ro jectile  velocities larger th a n  1-73 au. This has been a ttri- 
bu ted  to  be due m ainly  to  in terference effects in the co rre la ted  excita tion  o f long-w ave- 
length p lasm ons in the solid  w hich are  p rom inen t w hen the in tem u c lea r d istance in the 
m olecu lar ion, r, is m uch  sm aller th an  the ad iaba tic  d istance for collective excitations, 
v/cop. H ere v is the velocity o f the projectiles and  f¡(üp the p lasm on  energy.

D ete rm in atio n s o f energy loss o f ions in th in  foils have so far been done th rough  
m easurem ents o f the energies o f the incident projectiles and  o f em erging p ro to n s result- 
ing from  the d issocia tion  o f the H *  m olecules in the foils. H + m olecules have also been 
observed to  be tran sm itted  th ro u g h  th in  foils (L am bert 1976) but no  m easurem ents o f 
s topping  pow ers on  these m olecules have been rep o rted  in the literature.

This L etter rep o rts  first m easurem ents o f energy losses per nucleón for H * ions 
incident on  th in  foils at low velocities (0-76-2-3 au) an d  em erging as p ro tons and  H * 
m olecules. W e show  th a t interference effects in the exc ita tion  o f target electrons by the 
co rre la ted  p ro to n s  occu r even at velocities w here p lasm on creation  does not co n trib u te  
significantly to  the sto p p in g  pow er. F u rth e rm o re , the results suggest th a t transm itted  
m olecu lar ions have travelled  inside the foil w ith the ir in tem u clea r axes aligned cióse to  
the d irec tion  o f m otion .

T he experim en tal m eth o d  has been described in deta il before (V alenzuela et al 1972, 
E ck ard t 1978). H + an d  ion  beam s w ere p roduced  in the B ariloche K evatron  
acce le ra to r an d  so rted  in m ass by a  90° m agnetic analyser. T he energy of the ions was 
m easured  w ith a precisión , 90° e lec tro sta tic  energy analyser w ith its slits set to  give an 
energy reso lu tion  o f 0-4%  f w h m . T he energy losses w ere determ ined  by m easuring the 
energy o f the beam  w ithou t an d  w ith  a  th in  foil p laced  in its path . T he energy analyser
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accepts partícles tran sm itted  th ro u g h  the foils w ithin vertical and  horizon tal angles o f 
0043° and  0-36° respectively. U nder these conditions, the influence of energy by 
elastic a to m -a to m  co llisions can  be neglected.

In the experim en ts we used three ca rb ó n  foils ( ~  150Á thick) and  five alum inium  
foils ( ~  200 A thick). T he foil thicknesses were determ ined  using the m easured energy 
losses for p ro to n s  an d  dE/cbc d a ta  (A ndersen and  Ziegler 1977). A bout one-th ird  of the 
th ickness o f the Al foils is es tim ated  to  co rrespond  to  surface oxide layers form ed during  
the ir exposure to  a tm osphere . T w o liqu id -n itrogen  traps, coaxial w ith the beam , were 
located  im m ediately  before an d  after the foils to  p revent significant foil thickening due 
to  the b u ild -up  o f co n tam in an t layers.

F igu re  1 show s norm alised  energy spectra  ob ta ined  for 267 keV incident on an 
Al foil. T he p ro to n  peak  is seen to  be b ro ad e r than  that for transm itted  ; this is due to  
the repulsión  betw een the d issocia tion  fragm ents (G em m ell et al 1975). Tw o valúes of

Figure 1. Normalised energy spectra for 267 IceV H* incident on an Al foil.

the m ean  energy loss per nucleón  can be derived from  spectra  for incident , such as 
show n in figure 1. If £ 0 is the m ean  energy o f the incident H j , an d  E l and  £ 2 those of 
tran sm itte d  p ro to n s  an d  H j  respectively, we m ay define A £ (H j) ,  =  j £ 0 — £ ,  and  
A E (H 2 )2 =  ^{£0 — E 2), an d  the ra tio s  R t 2 =  A E fH ^ j  2/A £ (H +), w here A £ (H +) is 
the energy loss m easured  w ith  p ro to n s  inciden t a t the sam e velocity as the H J  ions used 
to  derive A £ (H 2 ). F igure  2 show s R l an d  R 2 for ca rbón  and  alum inium  foils as a  func- 
tion  of p ro jectile velocity, to g e th er w ith  the ir experim ental errors. T he po in ts result from 
averag ing  m easurem ents over foils o f nearly  equal thickness (w ithin 10%). Interference 
effects (R ¿  1) can  be seen to  persist dow n to  the low est velocities. It can also  be observed 
th a t R 2 is sm aller th a n  R , a t low velocities. T he transm itted  H 2 fraction was found to  be 
m ore th an  100 tim es la rger for Al th an  for C  foils, b u t the electronics used d id  no t allow  
us to  get m ore  q u an tita tiv e  m easurem ents.

T he s to p p in g  pow er resu lts can  be analysed  in the  fram ew ork of the theory  o f the 
energy loss o f co rre la ted  charges in  an  e lec trón  gas (A rista 1978). O f the targets used in 
these experim ents, Al is the m ost su ited  for com parison  since it is free-electron like (we 
neglect here the influence of the surface oxide layers). T he energy loss o f p ro tons in Al 
in  o u r energy range will be due m ainly  to  excita tion  o f valence electrons. T he con tribu- 
tio n  o f  the Al L -shell can  be estim ated  using m easured  valúes o f the cross section for 
L-shell exc ita tion  (B enazeth  et al 1977) an d  <EL>, the  average excita tion  energy o f these
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Figure 2. R ¡ and R 1í s  a function of projectile velocity for carbón and aluminium foils.

electrons (H aensel et al 1969, Pow ell 1974). T he co n trib u tio n  o f  th is shell to  s topp ing  
am oun ts  to  only  1 %, 3 %  an d  10%  at velocities o f 0-7, 1-2 and  2 au  respectively. In  o u r 
energy range, the  ad iab a tic  d istance for these excitations, nfi/<£L)  is m uch  sm aller than  
the in te rp ro to n  se p a ra tio n ; therefore interference effects in these excita tions should  be 
negligible (A rista 1977, L u rio  et al 1978).

Let us consider then , only the s topp ing  due to  valence electrons of the target. If we 
neglect the sm all w idth  o f the p lasm a resonance, there will be a th resho ld  velocity for 
p lasm on  excita tion  (L in d h ard  1954) w hich is r lh =  1-24 au in the case of Al. At velocities 
sm aller than  th is valué, the electron ic energy loss is due to  single-particle excitations. 
In terference in the scattering  o f target electrons will occur an d  will be constructive o r 
destruc tive (A rista 1978) depend ing  on the ra tio  betw een the w avelength k ~ 1 associated  
w ith the m o m en tum  transfer hk  an d  r. T he in terference effects a t low velocities are 
therefore of a  different n a tu re  as those observed at high velocities w hich are m ainly  due 
to  the coheren t exc ita tion  of w akes o f e lectrón  density  fluctuations (plasm ons) trailing  
the fast charged  particles.

W e have calcu la ted  the energy loss o f a p a ir o f p ro to n s in Al using, for the d ielectric 
co n s tan t e, the expression  given by L in d h a rd  (1954). T he energy loss per nucleón,

^<d£/d.x)H» is given by

i< d£ /dx )H; =  (e2/ n 2v)(L +  I) (1)

w ith

L =  í d 3fc[(fc.c)/fc2]  I m | - e ~ l(k, fc.r)|

/  =  d 3fe[(fc.p)/fc2 ]c o s ( fc .r ) Im |— e ~ 1(k, k .c ) |
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w here v is the velocity of the p ro tons, k  the m om entum  transfer and  r  the vector jo in ing  
the tw o p ro tons. In eq u a tio n  (1), L  is p ro p o rtio n a l to  the stopping  num ber for a r r c io n  
and  I  represen ts the interference in the stopping  of the tw o p ro tons. The ratio  R(6, r) =
1 +  1(6, r)/L  has been ca lcu lated  for 0 =  0o, 45° and 90°, w here 9 is the angle betw een 
the in te rnuclear axis and  the d irec tion  of m otion , i.e. between r and  i\ W e have also calcu­
lated the an g u la r averaged  valué <K(r)>. T he results are show n in figure 3, for several 
p rojectile velocities.

T he d istance r  will be a  function  o f particle velocity and  dep th  of penetra tion  in the 
foil. An H 2+ ion w ith average in te rnuclear separation  r0 im pinging on the solid will 
lose its valence e lectrón  w ith in  a  few atom ic layers. At low partic le  velocities, the screen- 
ing by target electrons will be strong  an d  so the tw o p ro to n s will experience little repu l­
sión. T he m ean valué o f r  will be determ ined  by the com bined  effect o f the forces betw een 
particles m odified by the p o la risa tio n  o f the m édium , the different stopping  o f each p a r­
ticle, m últip le  scattering  and  energy straggling.

In o rd er to  com pare  theory  an d  experim ent, the results show n in figure 3 should  be 
in teg rated  over r  w hich in tu ra  is a  function  of position  in the foil. T he correct inclusión o f 
all the effects enuncia ted  above is very com plicated  and  falls ou tside the scope of this w ork. 
As a first ap p ro x im atio n  we will es tim ate  r  as given only by the  screened C ou lom b  re­
pulsión  betw een the p ro to n s, using the sim ple po ten tia l V(r) =  e 2/r( l +  r2¡a2) which 
neglects d is to rtio n  of the screening cloud, an d  w here a, the screening length, is taken  as 
v/co for v > vF an d  vF/co for v < vF (B randt 1975). W e thus ob ta in  for the separation  at 
exit, in o u r case, the valúes 9-5, 7-6, 6-2, 4-9 an d  4-4 au  a t v =  0-71, 1, 1-41, 2 and  2-28 au 
respectively ; the co rrespond ing  valúes for the average in tem uclear separation  being 
5-4, 4-5, 4, 3-3 an d  3-2 au. T his ind icates the valúes of r  over w hich the results o f figure 3 
shou ld  be in tegrated . F o r  o u r estim ates, we used the valué (B randt and  Ritchie 1976) 
r0 =  2-44 au  an d  assum ed  th a t H *  ions a re  ionised on en trance to  the foil.

T he an iso tro p y  of th e  p o la risa tio n  cloud  a ro u n d  each m oving ion, neglected above, 
is expected  to  m odify the in itia l o rien ta tio n  of the m olecu lar axis. The net effect will

Figure 3. Plot of R  versus r for various projectile velocities: (a), » =  0-63; (fe), v =  0-90; (c), 
v =  1-26; (</), v = 2-25.
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be an alignm ent o f this axis w ith the d irec tion  of p ropagation , which will be Iarger the 
longer the transit tim e in the foil and  the larger the alignm ent forces. A lignm ent pffccis 
have been beautifu lly  d em o n stra ted  by G em m el et al (1975) at high energies (0-3-2 M eV 
per nucleón). At the low er energies used in th is w ork, m últiple scattering  and  energy 
straggling will sm ear ou t this effect for long transit times.

In spite o f the fact th a t the correct dependence o f r  w ith dep th  in the foil is unknow n 
and  that the theory  was m ade for an  unbounded  free-electron gas w hereas o u r thin Al 
target inevitably had surface oxide layers, som e qualita tive conclusions can  still be derived 
from  figures 2 and  3. F irs t we no tice th a t interference effects subsist a t low velocities 
w here p lasm on excita tions are unlikely an d  tha t the low valúes of R 2 for tran sm itted  H * 
at these velocities can  be explained if these m olecules result from  p ro to n  pairs w hich have 
travelled inside the solid w ith the ir in tem u c lea r axis aligned cióse to  the beam  direction . 
O n the o th e r  hand , tran sm itted  p ro to n s  will result from  d i-p ro to n s for w hich m últiple 
scattering  and  energy straggling  have overru led  the alignm ent forces. These d i-p ro tons 
will travel on  the average w ith larger separa tions than  in the o th e r case an d  the stopping  
ra tio  should  be given app rox im ate ly  by <R >.

T his w ork was partia lly  su p p o rted  by the M ultina tional P ro g ram  in Physics o f the 
O rg an iza tio n  o f A m erican S tates.
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