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Hy su< ocssivcly measuring thc energy dcgradation oí H e and I I  beams of thc same vclocity  in  the same 

(!d  foil and  ¡n I he same (.'d-va[)or absorber a t ~ 16() ¡í  ])ressure, ratios of thc stopp ing  power íor He to  the 

stopp .ng  power for I I  a t thc  same vclocity  (eno/fu) and accuratc to ~ 1.3%  werc obtained. Thesc extern) 

from  lieam vclocitics of 1.2 to  3.0 ¡n un its  of e*/h; in  He k inctic  cncrgics from  148 to  920 kcV , and cover 

thc  región in w h ich  thc  sanare of thc cffcctive cliarge of the beam  is changing most rap id ly  due to  electrón 

capture and loss. Com parison of thesc ert./en ratios in  the a ttenuated  gas and  in  thc  m etal should indícate 

w hc lhcr thc eíTcctive n im ibe r of clcctrons attachcd to  thc l íe  nucleus in  the gas rcm ain attuchcd to  it as it 

traversos the m etal. 'I'lic changes found are fractiona lly  nu ich  smailcr U lan thosc found by I.assen in  fission 

fragments, and Koll and S lnge rt in  íluorinc ¡ons. I'o r He ions betwccn 575- and 920-kcV energy, thc ctTcctive 

cliarge in llie  gas secnm higber than  in thc solid, constitu ting  a rcversal of thc an tic ipa ted  cffcct. Em p irica llv , 

a know leilgr n i f n . / 'u  ratios is iiseful for the conversión of da ta  on absoluto stopping  powers for II in to  l ie  

nnd vien yerna. In llie  k lne lie  energy range aliove I M eV  per am u, R o ll and  Steigert nnd I.assen h. e ío .iw l 

(ba l HiiclrrnliiPH for llnorinii ion*, for instanec, fall in to  two groups charactcristic of solids as a class and 

gimen un it < limn, ( ’< ii n | tu ri»< >n of thc rom i It h reported here w itli n ir / f n  ratios obtained by com bitiing residís 

n í viii Imin i 'íp i'i liiien lrin  Im lli « Irn  I lint m irli u d iv is ión  is nol ind ii aled for m . / « u  al linvor energies per anu í, 

bul llm l llin  dllItM'emu betwren hiiIÍiIn and  gimen in comparable to  thc ililíe icuccs hetwccn d iiíerent m etáis 

and  d ille ien t gimen.
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I . i N T R O D U C T I O N

i i  b e a m  c o m p o n e d  o f  p a r l ic l c s  o í  n m s s  M  a n d  

a t o in i c  m im h o r  /  I r a v e l l in g  a t  v c lo c i l y  V , th e r e  is  

i i  h ig h - e n e rg y  r e g ió n ,  o o r r e s p o n d in g  t o

V»/.¿/h, (1)
in w li ieh  l l io  p rn jo i  I ¡Ion l o n in in  o n l i i o l y  hI r ippcd  of 

l lu ir r.\l i /i m u  leu r o Icol rontt, !•'<>r l rn iimIii I ioiin 1 vo loc i i  ¡os 

i oíi i|>ninI))<• lo  l lie i i lm v i '  l i in i l ,  l l io  o ln i ige  o f  a  p ro jee l i le  

i i i i i  no  longoi lie ro iiMidoiod <’<nintllMI niñeo o l e d r o n s  

l i i ' i o i n r  n i t ¡ i<11<■<I lo  ¡| nu i l  m e  lc i i i| i t i in r i ly  or por* 

l i in i u i i l  ly r e lam e d .

II llir lionm in nol il¡ vri K''nl nuil i1» l ni volin/i; in (hurgo 
i'>|iiililn iinn in n tinil'iii ni Inigoi médium, l<-1 un desig- 

imlc llio linil ¡oiim ol llio prnjoil ¡les ¡h llio vil riotis | )OH* 

mldr dinige Mnlen liy n|>|»r*>|irinlvahíos oí /'7,„ wliorc 

i  íh ii positivo or negativo inlogor or y,oro corrosponding 
lo 11io chingo in unilH of (lio mngniltidc of thc clectronic 
i linrge.

Tlm Avoiiiko Clínico of a Piulido Itonm

'TI*** n vorago i hurgo of hinli ii | irojoi I í le I ion ni muy bu 

roiifúiloiod in llii' íollowing ililloronl vvnyn:

II I I k ' l ionm  íh c n l l e d e d  in n l 'n r n d n y  ct ip  n n d  Ih c  no l  

ni • i i n m l i i l i o n  of c h in g o  in e lec trón  n u i l » ,  f rom  n lu io w n

.......... of en lo i  111) i p i n  |ot 11 Ion In m o n n m e d ,  i l io  <|mi-

l lon l  i  I »  n  n i i ' i ih i i i n  o f  l l in  iivi'iii|fii i lini'|fo,

II 11io lioani piistioH julo lii^h viu imin, nnd ilHcliurgcd

* '1‘liln wmk wiin Mipjiiirlnil in parí  by llie U. S. Aloinic Energy 
< '/(iiinl'mloii.

J l 'i llow ol llin Argrnllnn Nulhttinl Huiutiirili Councíl,

c o m p o n c n t s  a r e  s e p a r a te d  a t u i  n ic a s u r e d  in  ,t n ia g . '.e t ic  

f ic ld ,  th e  f r a c t io n s  F i „  b c c o n ie  k . .o w n ,  a n d  i t  is  c le a r  

t l i a t

t (-)

A n o lh c r  c l ia r g e  a v e r a g o  m a y  b e  o b t a in e d  i f  t h c  

s t o p p in g  p o w e r  fo r  t h c  b e a m  m o a s u r o d , a n d  f r o m  i t  

a n  a v e r a g e  o f  t h c  s q n a r c s  o í  i h c  c o m p o n c n l  c l ia rg o s  

o l i l a in c d .  T h e  a to in ic - s lo p p in g  poxvor o r  B p ec ilic - cne rg y  

lo ss  o f  t h c  b e a m  p e r  ta r g e l a l o m  is

t - - ( \ / N ) , l  l(/,l.\\ (.<)

w lio r c  /V is ih c  m m i l io r  o í  liu y .o i i i lo n in  ¡>oi' m i "  n n d  

(¡l'.ftlx . Ih o  r a le  o f  o lu in g o  o l p r o jo i  i i It* o n o r i 'y  p o r  i o i i I Í -  

m o lo r  o f  |>alh. T h e  o o n e o p l o l n v o m g o  i lu i r l o  m i do- 

lo i n i i n o d  I>y K lo p p in g  ] iow o r noonm  i i m o I i i I  m n in ly  fo r  

h o a v y  io n s  in  th e  e n e rg y  r a n g o  1 10 M e V  p o r  a n m ,  

w h e re  tw o  o r  m o r e  c lc c t r o n s  l ia v e  b o o n  r e m o v e d  f r o m  

e v e ry  p r o je c l i lc .  Ti is c u s lo m a r y  fo r  w o ik o r s  in  l l i i s l i o l d

lo  d is e n s s  8 m , t h c  e n e rg y  p o r  n m u ,  l lm l  is , p o r  n u i l  o f  

p h y s ic a l  a t o in i c  w o ig h t .  T lm s  h . "  M  ¿>u, ( ''t ir lh o rm o ro , 

i t  is  c o n v c m e n t ;  lo  c l ia n g c  l l ie  s c a lo  o f  le n g lh  in  lú | . (.1) ,  

r e p la c in g  tlx  a s  f o l lo w s :

d x -  ( M / / } ) < !x M (4 )

a n d ,  t lm s ,

’r. (5)

I n  o r d e r  t o  a v o id  c o n fn s io n  w i lh  i a n d  i ,  w c  w i l l ,  in  

d c d u c in g  a n  a v e r a g e  c l ia r g e  f r o m  s lo p p in g  p o w e r , u se  

z in s t e a d  o f  i  t o  r e p r e s e n t  t h c  c l ia r g e  o f  a  b e a m  c o m ­

p o n c n l .  I f  t h c  v c lo c it ic s  fo r  a  c e r t a in  b e a m  a re  i n  th c  
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high-energy región previously specified, so that the 

projectiles are all bare nuclei of charge Z, the Bethe- 

Bloch equations1 for an unscreened nucleus as a pro- 

jectile give

lim e= Z 2f(v) (6)
*»1

or
lim tM.z = f(v ) , (7)
» » 1

where v is the velocity in units of e2/ñ , or v=tiV /e2. 
Guided by this prediction we may formally express the 

tM, z of a beam in the capture and loss región as

*M .z=((z% v/y J)f(v )  =  y*f(v), (8)

with

lim 72= l .  (9)
•»1

In  the energy range above 1 MeV per amu, a hydro- 

gen beam consists entirely of protons, so that 

Z =  (z2)ttV= 1; thus, the y2 of a heavy-ion beam may be 
determined by

72= (m, z/t-M. i , (10)

in which (m, i is the modiíicd stopping |>owcr £Eq. (5)] 

for hydrogen.

We now discuss the question as to whetlier there is 

any simple relation between y2, or (z2)„v, and the Fi„ 
valúes of the charge componcnls of the beam as re- 

vealed by magnetic analysis.
A simple relationship is ¡¡rcdictcd by an interpretation 

of the stopping of a partially stripped beam advanced 

by Knipp and Teller.2 It is assumed that the total 

spccific energy loss of the beam can be expressed as the 
weiglited snm of energy losses ;■ ]>j>r**|tr to eacli of its 

charge componcnls, and, flirt liermoie, lliat eacli sucli 

parlial stopjiing powcr can be ex|)ressed as in Kq. (6).

'l’llllS,

«■= /(« ')£  or «w,/-* J M /r ' ^ P F ^ ,  (H )

nnd from ií<|. ( 10)

72=^('2)kv/Z2, where (¿2)„v =  Z í 2̂ í.«- (12)

Objcctions to such a simple interpretation as that 

undeilying Kq. (1 1 ) may rcadily be advanced. líncrgy 

losses in t he ca|)ture and loss cyclo llave not bcen 

allowed for, neither has a typc of loss in which the 

electrons adliering to the projectile are excited but not 

ionized.
Nevertheless, líq. (12) lias bcen verilicd by Norlh- 

clil'fe8 for an oxygen beam emerging from an iduminum 

foil. The valúes of F ir„ were oblaincd by magnetic 

analysis, using intensity estímales of image» on a

1II. A. Bethe and J. Ashkin, ¡n Experimental Nuclear Physics,
edited bv E. Segré (John Wilcy & Sons, Inc., New York, 1953),
Vol. I, Píirt II.

* J . K iiíiiii íinti I1’,. 'IVlIr.r, I ’ liy», R rv . B'l, UW) ( 1041).

*J¿. C'. Norlhclíffc , l ’liy», Hev. 120, 1744 ( l% 0).

photographic piale. In the lower kinetic energy ranges 

with Sm  from 1 to 3 MeV per amu, valúes of i  from 5 to 

8 inclusive were detected; in the higher energy range 

from 6 to 10 MeV per amu only i =  7 and ¿= 8 were ob- 

served. The modified stopping powers ím .z  wereob- 

served for energy losses in aluminum and y 2, obtained 

by taking the ratio of these to the modified stopping 

pow'er for hydrogen at the same velocity (that is, the 

same Sm) computed from an empirical formula due to 

Bichsel.4 Equation (12) was established to within 2% 

between 2.5 and 9 MeV per nucleón.

In spite of this success for the highly stripped oxygen 

ions, the statement of Eq. (12) is almost certainly not 

correct for low valúes of i  and low energies. Allison 

el a l.6 and Iluberman,6 for instance, have shown that 

in a 60-keV hydrogen beam in hydrogen gas, where 

/7ooc =  0.45 and /,'ioo =  0.55, about 32% of the energy 

losses are due to collisions in which the charge of the 

projectile is changed, and 16% in energy losses caused 

by H° collisions in which the atomic projectiles remain 

neutral after the impact. Neither of tlíese energy losses 
appear in the sum of liq. (1 1 ).

II. STATHMKNT OF TIIIC PUOlU.liM AND 
DISCUSSIONS OF PMKVIOUS WOkK

A. A Density Eífect on the Effective Charge

It  is obvious lliat in a gas the fractions F will 

depend on the velocity of the projectiles, on their 

atomic number, and on the “cliemical” nature of the 
target material. For instance, to ¡Ilústrate the efíect oí 

the target material, the fraction F¡m of a hydrogen 

beam in protonic form is difieren!, at the same vc- 
locily, in the gases I l2and O», and probubly luis u tliird 

and difieren! valué in 11•..<) gas.

Kvidence of a density elíect on the ínutions was 

íhst obtained by Lasscn7 " in his cxperimcnls on the 

cluirges of fission fragments traversing various gases.
The effective charge of the liglit íiagment, dclined as 

in Kq. (2) and determined by magnetic analysis, in* 

creased in argón as the picssnre increased, lising Irom 

15.3 at 1-2 mm llg to 17.2 al 20 mm, followeil by a very 

slow increasc lo 17.7 at 140 mm. Huí the total variation 

from gas to gas, and with pressurc in a. given gas, was 

small compared to a large ililTerence wliicli appeared 
between gases and solids. Kor instance, lieavy fragments 

of velocity about «=3 or 6.6X 10" cm/sec liad i  ranging 
from 9.2 to 10.4 in various gases, bul on emerging from 

mica luid ¿= 18.0.

* II. liiclisd, l’liy». Kuv, 112, IOS» (WN),
*S. K. Allison, J. Curvan, nuil M. (Innlii Mimo*, l’liyit, Kov, 

127, 7<)2
* M . N. 11 ni k t  mu ti, l ’liyn. Hi'V, I J 7, 7,,,)
7 N. O. I.imni, Kj/I. ftiumkt' VldeiiHkuli, Nrluknli, Muí, Fy». 

Mcdd. 26, No. 5 (l'>51).
* N. O. Lasscn, O» the Total Charos and Ihe loniting I'mver of 

¡fission ¡fragments (10. Munk^mnln ForliiK, ('(i|<rnl\nnrt\ IV52),
*N. O. I.iihhcii, Ki?l, Dtumkn Vlilonuknli. Si’lKknli, Mnl, Fy*. 

Mcdd, 30, No, H (IMS).
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Bohr and Lindhard10 have interpreted both the pres- 

sure efíect ¡n gases and the large gas-solid difference as 

a density effect. They assume that in a high density 

médium many of the beam ions will remain in excited 

states between collisions, thus favoring electrón de- 

tachment in subsequent encounters and shifting the 

effective charge toward higher positive valúes.

Our experiments were undertaken to provide infor- 

mation pertinent to the following question: Does the 

charge composition of a helium beam depend on the 

phase (solid or gas) of the material being traversed? 

Two pliases will, in general, differ in density, and cer- 

tainly also the rarefied, gaseous phase and the con- 

densed, solid phase of the same element will differ in 

the quantum cnergics of thcir electrons. Both differ- 

cnces might affect the cquilibrium charge density of the 
beam.

B. Previous Evidence in H and He Beams

l'Or I I  and  He beams thcre is no conclusivo evidence 

for a large dilfcrcncc in eífcctivc charge between gaseous 

nuil unliil ii 11111 ¡< ■ 111 i i im I ci ¡nlii. In 1 Allison and 

W a is lm w "  compared llie llien exisling data on 111<: ral ¡o 

l i e 1 * / 1 le •' for a he lium beam in cliarge cqu i l ib r ium  in 

air, and  in a  he lium beam wliicíi liad been scatlcred a t  

KS°16' from gold in lo  liigli v acuum . The  scatlcred beam 

sliowed a l i e 1 , / l l e l ratio higlier by almosL a factor of 

2, wliicli was taken as ind ica t ing  t l ia t in traversing tlie 

metal, as compared to the gas, the beam conta ins a 

higlier fi a d  ion of H e 1 Tliis  conclusión , seen in retro- 

spccl, was probab ly  not jus l i l icd ;  tlie most serious ob- 

jcclion againsl il being tluít it w lcc lcd  particles which 

liad bren Hcal lercd ll irougli a large iinglc and , thus, 

l l irough collisions ¡n wliicli llie clcctronic s lruc lure  of 

targel and  projccl lie were dceply penel raled,

A s  b v c r l i a i l , la a n d  lim iiiuiocialcH l iave  mIiowii, such  

large an g le  seal t e n n g s  g i c a t l y  inc iense  1.1 ic c l íec t ive  

ch a rge  o f l l ie  s c a ü e re d  p ro jcc l i le s .  l 'o r  in s la n ce ,  a  100- 

k i 'V  h e l iu m  b e am  ¡n rccl H incar m o l  ion l l i r o u g h  a rgón  

gas lias 10.002(>,1:1 b u l  Ihe  l i e  p ro jcc l  iles sca t lc red  

al H>" f rom  a r g ó n  l iave  l < \  ■ (1.0-1. T lm s ,  the  a n g u la r  

dev ia l  ¡on p roduces  a. Ii igli v a lu é  o f  /''a, w li ic l i  m a y  not 

b<“ reduc<'(l to  t l ic  l< '& „  c l ia rac lc r is l  ¡c o f an  u n id i r e c l io n a l  

b e a m  n ia k in g  elcct ron ic  e n coun te rs  in the  m e ta l  beforc 

the  p ro jcc l  ¡les em erge  i n l o  liigli v a c u u m .

K x p c r im e n ln l  rcsu l ls  ¡ire now  ava i l id i le  c once rn ing  

l l ic  cl in rge c o m po s l l  ¡on o í  I I  a n d  l i e  b e am s  w li ic l i  have  

püHíicd l l i r o u g h  Holid foils, t l i im  a v o i i l i n g  the  o b je c t io n  

o í  a  c l iarge e n h a n c c m c n l  d u e  lo  large-angle sca t te r ing .  

A l l i s o n '4 luis  co l lcc ted  d a l a  on  the  cha rge  c o m p o s i t i o n

N ttiilii iiihI |. I.iimIIhimI, K|(l. HiiiihIki VíiIi-mhUiiIi, Sclnkal), 
M iil l'vit. Mt-ilil. 2H, Nci. 7 ( l'í.S-l),

í l 'V t  1,1 W iiirtlmw, Kuv. M oil. IMiys. 25, 779

11 I'.. N . l uis, I'. l i , J mitin I-’, i*. Z icn ilin , and K. K vcrhart. Phy». 
ÍO-v. 107, 7(14 (1957).

“ C. V. Jliirnctt and P. M. Stier, Phy». Rev. 109, 385 (1958).

of such beams emerging from solids,15-17 and compared 

them with measurements in gases. In the case of hydro- 

gen beams up to 200 keV emerging from fresh Al foils, 

the F iM is intermedíate between that observed at the 

same velocity for hydrogen projectiles in H 2 and N 2 
gases.

Thus, any effect characteristic of the solid or gaseous 

phase of a target material is obscured by the larger 

“chemical” differences between the three ambient sub- 

stances in question.

In the case of helium beams below 500 keV in kinetic 

energy, the IIe++/He+ ratios emerging from metal foils 

seem higher than in some gases (air and hydrogen) but 

cióse to those observed in neón gas.

In the case of heavier projectiles, Nikolaev el al. 
(see Ref. 17) have investigated B, N, O, Ne, and C 

atomic and ionic beams in various gases and emerging 

from Celluloid. They find i [líq. (2)] for a 7.0-MeV 

boron beam to be 4.4 in I I 2 gas, 3.9 in air and in argón, 

and 4.0 in high vacuum after emerging from solid foils. 

l'or a 3-MeV beam, the numbers are 3.0 (lis), 3.2(air), 

3.4(Ar), and 4.6(Celluloid), showing some enhancement 
¡n the cmcrgcnl beam from Ihe (Vllnloid.

The experimental work on 11 and I le beams which has 

been menlioned, like that reported in ihe present. paper, 

has been carricd out at relalively low-beam velocities, 

below that corrcsponding to 1-MeV kinetic energy for 

lie projectiles. In spite of Ihe fact Ihat these beams 

actually traversed the foils, thcre remain objections, 

more likely to be val id at these low cnergies, to the im- 

plicit assumplion that the valúes oí l'\ in ihe emergent 

beam from the solid are equal to the valúes ¡'\v which 
the beam liad in the solid before emerging inlo high 

vacuum. Two such objeclions are Ihe following:

(1) T l ic rc  is a  w o rk  íu n c t io n  on  eseap ing  l l i r ough  the  

solid surface  i n lo  v a c u u m ,  a n d  t liis m a y  cous ide rab ly  

affect the  n u m b e r  o í  e lec lrons  a l t a c l ie d  lo  the  ¡011 as it 

leaves the  solid .

(2) A poss ib le  source o í  ex pe r im en ta l  error lies in the  

fact t h a t ,  in  solids, c q u i l i b r iu m  ¡s a l l n i n c d  in ex lrem c ly  

t h in  layers. I lc n ce ,  c q u i l i b r i u m  frac l io im  o b tn in e d  by  

i e l l i n g  a  b e am  traverse a  íoil m a y  a c l u a l l y  o n ly  be 

ly p ie a l  o f c o n t a m in a l i o n s  on  the  sur íace  o í  emergence .

Phillips10 has sludied tliis second cl'íect quantila- 

tivcly. lie finds, for example, ihat for a 20-keV hydrogen 
beam in Al, the measured proion cotnponenl is more 

than 40% higlier for an "oíd suríace” than for íreslily 

deposilcd aluminum. Thus, the apparenlly uniform

14 S. K, Allison, Kcv. Mod. l’hys. 30, 1137 (1958); cf. l'ig. VI-8, 
p. I Ifi7.

'"(I. A. I >Ihsh 1 in I k f, i Mil I. Mu ir. II, 1051 (1053),
"\|. A. I'liillip*, l’livs, Ui'v. «>7, -101 ( IW ) . 
n S. Nikolaiov, 1. S. Dmilrirv, I.. N. Knlocva, and Vn A. 

Toplova, ’/.h. F.kspi'.rm. ¡ Tcor. I'iz. 33, 1325 (1957) [ininslntion: 
Soviet l ’liys.—JI'T I’ í>, 1019 (1958)]. The cinta in llús puper 011 
the composition of helium beams emerging from mica were not 
included in Fig. VI-8 of the review by Allison (Reí. 14) but agree 
well with those observed by others from solids other than Kold.
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charge composition found by Hall’8 in hydrogen beams 

and by Dissanaike16 in helium beams emerging from 

various metáis may have been due to a common surface 

layer, typical of the vacuum he used rather than the 
foil material.

However, there is evidence that for highiy stripped 

ions with 8 m above approximately 2 MeV/nuclcon, the 

emergent charge distribution is typical of that in the 

traversal of the solid. Reynolds el a/.10 investigated the 

charge composition of 26-MeV nitrogen beams emerging 

from zapon foils. Foils could be prepared which were so 

thin (4 /ig/cm2) that charge cquilibrium in the trans- 

mitted beam was not attained until several foils liad 

been inserted. Thus, the approach to the cquilibrium 

valúes Fie, could be studied, and demonstrated to be 

dependent on foil thickness rather than surface condi- 

tions. Also Northcliffe’s experiments3 on the equalily 

of 72 and (i2)„v/Z 2 for oxygen beams emergent from 

aluminum foils, which we liave previously discussed, 

indícate that the emergent charge ratios are typical of 

conditions inside the metal, since surface conditions can 

have litlle cffcct on the total loss of energy in the foil, 
from which y 2 i» calculated.

C. Evidence from Beams of High-Energy 
per Nucleón

R o l l  a n d  S t c i g e r t 20 h a v e  p u b l i s h e d  e v i d e n c e  f o r  a  

d e n s i t y  e f f e c t  i n  t h e  c l T e c t i v e  c l i a r g e  o f  h i g h i y  s t r i p p e d  

h e a v y  i o n s  o f  e n e r g i e s  1 t o  1 0  M e V / a m u  [ v e l o c i t y  

=  ( 1 . 4 - 4 . 4 ) X  1 0 9 c m / s c c ] .  A s  a  m e a s u r e  o f  t h e  e f f e c t i v e  

c h a r g e  o f  t h e  b e a m ,  y2 f r o m  E q .  ( 1 0 )  h a s  b e e n  u s e d .  

T h e  v a l u é  o f  y 2 f o r  F n  p r o j e c t i l e s  o f  1 . 9 X 1 0 "  c m / s e c  

v o l o c i t y  i s  0 . 6 5  i u  o x y g e n  a n d  a r g ó n  g a s e s ,  b u t  s u c h  a  

I h i o i i n e  b e a m  e m e r g i n g  f r o m  a  n i c k e l  o r  a l u m i n u m  f o i l  

l u i s  7 2 — 0 . 7 6 ,  a  1 7 %  m e r c a s e .  I t e a m s  o f  o t l i e r  l i g h t  e l e -  

m e n t s  n r u r  I l u m i n e  g i v o  s i m i l a r  r e s u l t s ,  A c c o r d i n g  t o  

l l o h r  m u i  1 , i m l l i a n i , " 1 t h e  m á x i m u m  c l i a n g e  i n  y’1 f r o m  

a  v o r y  d i l T u s e  g a s  a b s o r b e r  g i v i n g  a m p i e  t i m e  f o r  e l e c -  

t r o n m g n o t i c  e n e r g y  r e l e a s e  b e t w e e n  c o l l i s i o n s  t o  a  s o l i d ,  

w o u l d  b e  ‘ M % .

III. PLAN OK TIIH KXP1ÍKIMIÍNT

A s  p r e v i o u s l y  s t i i t c d ,  o u r  e x p e r i m e n t a  w e r e  u n d e r -  

I n k e n  t o  i i i v o s t ¡ g a t o  c h a n g o s  i n  c l i a r g e  c o m p o s i t i o n  o f  a  

h e l i u m  b e a m  w h i c h  m i g l i f  r e s u l t .  f r o m  e n t o r i n g  a  s o l i d  

a f l e r  h i w i u g  i i l l n i n e d  c h i n g o  e q u i l i b r i u m  i n  a  r a r o f i e d  

I ' : i m .  l ' Y o m  t h e  I t n h r  a n d  L i i i i l l n i f i l  i i i l e i p r e l i i l  i o n , 10 s u c h  

a  c h a n g o  w o u l d  b e  p r i m a r i l y  a s c r i b e d  t o  a  d e n s i t y  e l T e c t  

r a t h e r  t h a n  t o  a  d i í í e r c n c e  i n  t h e  a m b i e n t  e l e c t r o n i c  e n -  

v i r o n m e n t .  H o w e v e r ,  t o  m i n i m i z o  s u c h  “ c h e m i c a l ”  

c í T c c t s ,  a n d  s i m p l i f y  t h e  i n l e i  p r e l n l  i o n  o f  c h a n g o s  i f

11 T . li l il í ,  I ’hyn. K iv , 79, .S04 ( I 9 .S0 ).

"  I I .  I,. Koynolds, l„  I). W y ly , nnd A . Z iickcr, 1’hyH. Kcv. 98 ,

474 ( I 9.S5). Seo nlrti) I I .  I I .  Ilm  lunan , I'). I„  IIn lilia rd , nnd W . ( i.

S im ón IJ ( 'K li- )02fiS (im piililiu lied), who fnilod lo  lind evidr.nco

ío r Rurfatc cITcels al h i^li

"  P. O. Koll nnd V. I'). .Stcij{<:rl, l’tiy». Kcv. 120, 470 (1960),

found, we decided to use two pliases of the same element 

as stopping material, namely, cadmium metal and 

cadmium vapor. In  order to avoid the possibility of 

surface efTects in the foils, it was decided to measure the 

effective charge by speciíic energy loss [i.e., by y2 of 

Eq. (10)] rather than by magnetic analysis of the beam 

[i.e., by i of Eq. (2)]. I t  could be estimated that, in an 

absorption tube 50-cm long, suíTicient cadmium vapor 

íor a 10%  energy decrement could be produccd at 

325°C, and that the nccessary cadmium foils would be 

about 50 /xg/cm2, both gas and solid, therefore, being 

attainable under simple experimental conditions.

Since the experiment was directed at y2 of Kq. (10), 

only ratios of stopping powers nceded to be measured, 

and no absoluto valúes were attempted. Tliis greatly 

simplified the experiment by avoiding weighing of the 

foils, and making it only nccessary to hold the tempera- 
ture of the Cd-vapor vessol constnnt long enough to 

complete the measurement of the energy docreniont of a 

helium beam and a hydrogen beam of oqual vcloeity. 

Since, with a mixture oí hydrogen or deulerium and 
helium in the ion source, the accclorntor would siinul- 

taneously produce the two beams, the compnrison could 

be niade in an interval oí minutes. It was not nccessary 

to measure the distribution oí temperature along the 
vapor cell, ñor the absoluto density of Cd atoms/cm\

The energy range which could be investigated was 

limitcd lo the operating range of the accelcrator, from 

75 to 460 kV. l'orlunately, ihis covercd most of the 

range of greatest interest, i.e., the electrón capture and 

loss región in which the helium beam changos from pre- 

dominantly IIe° to predominantly IIc++. Figure 1 shows 

the ratio of the stopping powcr of argón gas11-24 for u

| llellum Energy Seal» (M«V) .
I_____ I______ 1____I__ ____ I ____I____ I.
0 0.1 0.5 I ¿ i  4

Kio. 1. T lin  ru lio  of tlw  iilim ilo  KloppliiK iinwom o í lim ón  kha 

for l io  iim l I t  liruniB of Ilio mimo volorilv . T lio  • Inlnn n n v o  finn i 

0 , 1- lo  1,5 MoV lio  M no llr i'tioiHV In duo Iii lili' al i l|>|tlii|| uf oloi 
IroiiH from llio II nnd lio  pio jo i litoa.

"  D a ta  for l íe  ¡n ar^on l>y M . litn n y , irp in lo d  In S, K, Alllnon 

and  M . (¡urcia-M tilín/,, "T lio  l ’o iio ln itlo ii oí M u llo i1 liv l ln iv y  

Io iih  of Itinuüo  KiioikIon Im'Iiiw l Mt>V por U u ll A lom lo  W oIkIiI, ’ 

A  report Jjy Iho S iihco inm llton  un tho P n iiv lin llo n  v i (llm rxod
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hclium beam to its stopping powcr for hydrogen at 

equal velocities from i>= 1.2 to 6.5. At higher vclocitics 

there is no indication that the ratio is approaching the 

expected valué of -1; it remains between 3.8 arnl 3.9, an 

clTect not yet explained. The charge-changing región 

for hclium apparently lies bclow about v—A or 1.6-MeV 

hclium kinctic energy. Our mcasurenicnts in Cd vapor 

and metal extended from v= 1.23 to u=3.0.

IV. MEASUREMENTS AND PRECISION

A. General Remarks

The beam energy losses were determined by the 

standard method of measuring the beam energies by 

electrostatic deflection with attenuation sample “ ,in” 

and “out,” Fig. 2. For the stopping power ratios it was 

sufficient to take the ratios of the respective deflecting 

voltage shifts necessary to return the beam to the 

analyzer exit slit. In  each case, these voltage shifts were 

produced at the same analyzer píate, henee, no correc- 

tion for change in the analyzer constant caused by a 

change in symmetry of the two píate voltages had to be 

applied.6 The nonrelativistic behavior of a cylindrical 

electrostatic analyzer may be described in a convenient 

approximation25 by giving a constant “k ” such that the 

kinetic energy in eV of an ion of charge z\e\ traversing 

it on a central orbit concentric with the plates is kz\ e \ V 
in a región at zero potential. V is the potential difference 

between the deñecting plates. Two such analyzers were 

used during the experiments; one with ¿ =  45.7 and one 

with ¿ =  20.0. This constant was used only to lócate 

each ratio measurement on the energy, and henee, the 

velocity scale. As reference energy the mean between 

the sample in and sample out energies was taken. A 

knowledge of k was not necessary to obtáin the ratio 

desired.

No energy loss—cven in the thickest foils used—ex- 

ceeded 20%  of the respective mean energy, and any 

further corrections to this valué as discussed by Porat 

and Ramavataram26 were negligible.

The beam was supplied by the Cockcroft-Walton 

circuit o; the University of Chicago, the mean high 

voltage of which was monitored to within 0.01%  and 

held constant to approximately this limit.27
The gas. fed to the radio-frequeney ion source was 

helium with about 0.8%  deuterium and hydrogen 

added. The resulting beam contained these componcnls 

in about cqual proporlions, as was revcaled when they 

were sorted out by magnetic deflection. For some of the

Parücles in Maller of the Committce on Nuclear Science of the Na­
tional Acadcmy—National Research Council, 1961 (unpublished).

22 P. K. Weyl, Phys. Rev. 91, 289 (1953).
23 H. K. Reynolds, D. N. F. Dunbar, W. A. Wenzel, and 

W. Whaling, Phys. Rev. 92, 742 (1953).
21J. A. Phillips, Phys. Rev. 90, 532 (1953).
25 S. K. Allison, S. P. Frankel, T. A. Hall, J. H. Montague, and

S. D. Warshaw, Rev. Sci. Instr. 20, 735 (1949), Eqs. (39) and (42).
20 D. I. Porat and K. Ramavataram, Proc. Phys. Soc. (London)

A252, 394 (1959).
21 M. N. Huberman (Ref. 6), Fig. 2.

data, particularly in the lower energy range, the de­

sired ratio was obtained by measuring the energy decre- 

ment produced in the He+ beam which had been accel- 

erated by the kevatron at voltage V, then reducing the 

voltage to 3*0 or jü ,  and measuring the decrement 

produced in the D + or H+ beam, respectively.

If no absorber was in the beam, the D + component 

and any H 2+ present would not be separated by the 

magnetic and subsequent electrostatic deviations. Ex­

periments with no deuterium in the ion source, hovvever, 

disclosed a H2+/H + ratio of 0.06, which indicates a 

H 2+/D + ratio of 0.03 when the gas added to the helium 

contained equal amounts of hydrogen and deuterium. 

Actually the presence of a small H 2+ component does 

not vitiate the experiment, since it is entirely dissociated 

in passing through the absorber and then cannot follow 

the electrostatic deviation.

Although the máximum accelerator voltage was 460 

kV, the measurements could be extended to include 

helium ions with kinetic energies of 920 keV by using 

the small He"*"1" constituent put out by the ion source.28 

In  this case, it is not necessary to lower the accelerator 

voltage in measuring the deuterium ions since D + and 

IIe++, which have been accelerated together, have the 

same velocity.

The stopping power of isotopic projectiles such as D 
and II, compared at equal vclocitics, is the same if nu­

clear and atomic stopping effeets can be disregarded. 

At high velocities this is the case, and Hall and 

Warshaw29 and Phillips16 have shown, and the present 

measurements coníirm, that also at lower velocities 

where charge changing collisions becoime important, the 

stopping powers for I) and II beams are cqual. One can 

conclude that the same must be truc for the cíTcctive 

chargcs. The difliculty in separating out the IIe++ from 
the much stronger D+ was avoided by making use of the 

following fact. Even with the foil absorber out of the 

beam, or with “gas out” of the absorption cell, the pres- 

sure in these compartments was not sufficiently low to 

prevent some electrón capture by the He-1-1". Thus, by

28 S. K. Allison and E. Norbeck, Jr., Rev. Sci. Instr. 27, 285 
(1956).

”  T. A. Hall and S. D. Warshaw, Phys. Rev. 75, 891 (1949).



299 K 1' F E C T I V E C H A R G E O F  He B E A M S  T R A V E R S I N G C d

doubüng wie deílecting vollagc on the electrostatic 

anaiyzer, a iielec.able beam oí lle+ could always be ob­

tained, aiul its energy decrcment noted. In  such cases 

the desired ratio was obtained in a íevv moments, since 

tlic kevairon beam did not need to be reíocused at a 

lower energy íor the comparison with deuterium. This 

high-energy helinm beam will hereafter be referred to 

as the He++—» He+ beam.

B. Apparatus and Performance

In  Fig. 2 the experimental setup is shown schemati- 

cally. Aúer magnetic deflection the beam passes the gas 

attenuation cell or foil and then traversos the electro- 

stalic anaiyzer.
T h e  o i i l / .o in g  b e a m  i;; d e t e d e d  w i th  a v i b r a l i n g  roed 

i’l n  11 c i i h ' I i t  l :,cn .¡t ivit v v a r ia b le  b c lw e cn  10 12 a n d  

1 0 "  A l  " i  , U m i K i  <■< i h m  11 i l l i i 1 wen k  I le I * > I I r  1

I n'.i ni 1 .\ | >.i, 1 1 . Ic i o i in l  iuf« w i lh  a üolid s la l c  d c lc c lo r  

a in l  i 'oun ; ni:: ra le  in le g ra to r .

A u  .lutomalio record i ng of t he energy speclra was 

obtained in the íollowing simple way: The precisión 

regulated high-vohage suppiies, conncctcd lo thc outer 

and inner platos oí thc electrostatic anaiyzer, were ad- 

justed to a vollagc somcwhat lower than the beam de- 

llection vollagc. The negativo supply was insulatcd 

from ground and conncctcd to a potentiometer across 

whieli a oonvenient adjustable smallcr voltage was ap- 

plied. This potentiometer was driven by the rotating 

drum o: a Brown Recorder, the pen of which was de- 

ilected by the beam current, as shown. In  this way a 

sor; o: slow sweep oscilloscopic rocording of the energy 

specira was obtained. The potentiometer had no stop, 

henee, tiie rccording repeated itselí in cyclos.

The iinearity of the devicc was tested by feeding 

part oí the potentiometer output back into the elec- 

trometer innut. The automalic recorder then traced 

straigiu linos; the deviation from Iinearity was of the 

ordor oí 0.5% oí thc mean dcílection.

Figure 3 shows speclra rccordcd with a 120-keV

l'\ü. 3. ‘•roil-out” and “foil-in” curves registered for a 115-keV 
proion beam penctrating cadmium foils. The resolving power of 
ihc ai'.alvzer would produce a curve of about 0.5% half-widlh 
from a monoencrgetic beam.

1’iG. 4. “Foil-out” and “foil-in” intensity versus energy curves 
registered for 920-kcV IIe++ —> IIe+ beams penelrating Cd foils. 
The sensitivity oí thc swccp for a given cbange in energy has been 
grcallv rcduccd in Ibc “ foil-in” curve lo allow for the broadc.ning 

iliin tu rnrrKV siriiggling.

hydrogcn beam, willi "foil iu” and “ í«nl m il," ir.|>c< 

lively. 'I'lie chango iu t he dcllocl ¡ng vollagc c o i to : ,pond- 

ing lo a given displaccmcnl along llie abscissa ¡s indi- 

caled by thc energy scales at thc bollom of the figure. 

The energy spcctra are single peakcd and symmetric 

and permit an evaluation of thc energy loss in the foil 

with less than ±0.5% error. The half-widlh of the 

“foil-out” spcctrum is about 0.6%  of the peak energy; 

the energy straggling produces approximalely a 4% 

half-width for the “foil-in” spcctrum.

The sharp edges marked by arrows give reíerence 

points for the mínimum (~zero) and máximum de- 

fiector voltages during the horizontal sweep. They are 

produced by letting the sliding point of the potentiome­

ter pass a charged contact (Fig. 2). The total sweep 

voltages were measured with a calibratcd meler and 

adjusted to have the breadth of the spcctra sullicicnt 

for precise evaluation. A possible shift of the spcctra 

causcd by a delay in the recorder response was shown 

to be negligible by laking several spcctra with swccp 

voltages varying as much as two to onc. The corrc- 

sponding peak voltages were equal within ±0.3 V oul 

of 4064.6 V applicd across the anaiyzer.

The deflector voltage shifts due to thc beam energy 

attenuations in the samples were of the order of 1500 V 

máximum, and usually the change was made by varying 

the voltage on the negative of the precisión high-voltagc 

suppiies. The peak voltages of thc recordings, obtained 

from the total swccp voltages by linear inlcrpolation, 

had to be added to thc negativo voltage read on Ihc 

meler of thc high-voltagc supply.
The two high-vollage suppiies íor the anaiyzer piales 

were checked against each other by opposition and 

found to coincide within 2 V throughout their rango up 

to 10 kV. Voltage variations up to 2000 V were checked 

and found equal within 0.5%.

Figure 4 shows spectra obtained with the 920-keV 

He++ —> He+ beam. The He+ particles are registered 

with the solid-state detector—counting-rate meter 

combination. Although there are fluctuations in the
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counting rato, :t is olear that the speclra are sutliciently 

symmetrie io permit localization of the peaks on the 

voltage scale within ±0.5 V in the "íoil-out” case and 

V in the "ioii-in” case. W ith 1.435-kV total voltage 

shiít due to attenuation in the foil, the precisión of its 

determination from the graphs is ±0.3%.

With an appropriate discriminator setting, the solid- 

state detector had constant sensitivily throughout the 

energy range determined by the width of the “sample- 

in” curves, together with a high signal-to-noise ratio 

(>  1000), even down to 160-keV He+. Too high a dis­

criminator setting resulted in considerable deformation 

and asymmetry oí the resulting spectra.

In  some cases the He++ —» He+ beam intensity was 

sufficient to be detected with the electrometer 

(~ 4X  10-15A). W ithin the above error limits, direct 

currcnt nv.ding yieldcd the same spectra as partióle 

couni in¡;.

C. Measurements in Cd Foils

The preparation of the unbacked Cd foils used has 

been de.scribed clsowhcre.30
Measuromonls with the foil in the beam path were 

alwavs enclosed between "íoil-out” runs and the cor- 

responding mean valué oí the energy taken. For the 

same foil the He runs were followcd immediately by the 

corresponding D runs, or vice versa. At energies highcr 

than 100 keV/amu the measurements with hydrogen 

were included, and the He runs made between D and

I I  runs. As mentioned in the introductory section of this 
paper, the energy attenuations of D and H beams of 

equal velocity coincided within a mean accuracy of 2%.

DitTerent foils, covering a threefold variation in 

thicknoss were used for each determination oí the stop- 

ping power ratio /.'y-, 'l'he thinnest foil used produced 

an eiu-igy loss of 0.7 keV out of 400 keV for D, or only 

1.7% oí ilie beam partido energy.

In  several cases the stopping power ratio was deter­

mined using for He the He+ beam, as well as the 

He++ —> He+ beam, which was weaker by a factor of 

104. The resulting energy attenuations coincided within 

the experimental errors.

Table I  gives a summary of all the measurements 

made on solid cadmium. We have used the notation 

Z-y- [Eqs. (8) and (5)] to represent the stopping power 

ratio €n,./cií , coníorming to tiie notation of Northcliffe3 
and Rol; and Stcigert,20 in spite of the fact that here y 2 
cannot represent the squarc oí the effcctive charge per 

atomic number oí the heavy ion, since it is certain that 

the hydrogen beam with which it is being compared 

contains I I o. The errors shown in the last column are 

obtained directly from the statistics of the respective 
measurements, made with diílerent foils and sometimos 

diü’erent equipment or methods. If  there were more than 

n — 5 measurements at the same beam velocity, the

»  \V. Meckbach, Rev. Sci. Instr. 34, 188 (1963).

T a iil e  I .  Solid cadmium. Measured stopping powcr 
ralios at various beam vclocitics v.

V
(units of e>/ü )

Z u «V  = 

Eiu 
(MeV)

C (*H e )/ (‘ H or I>)3 »

¿ 27.2 A(Z*7.2)

1.22 0.148 2.21 0.03
1.38 0.190 2.35 0.02
1.51 0.228 2.44 0.03

- 1.65 0.273 2.62 0.02
1.80 0.324 2.73 0.04

1.95 0.380 2.88 0.02
2.14 0.460 2.91 0.05
2.37 0.560 3.10 0.03
2.60 0.675 3.20 0.04
2.79 0.780 3.42 0.04

3.00 0.900 3.50 0.04

assigned error is tlie error of the mean valué, or i r ' 11 
timos llie mean absoluto error. For n < 5, this factor was 

not taken into account. In no case is the error greater 

than 2%, and in the mean it is of the order of 1.3%.

The limits of precisión and possible sourccs of sysle- 

matic errors duc to the measuring procedure have 

already been mentioned. Their inlluence must be con- 

sidered small compared with the above error limits, and 

the main source of errors atlributed to the foils 

themselvcs.

The uniformity of the foils was tcsted by measuring 

the stopping of the beam in different portions, resulting 

in deviations of less than 2%. Neverlheless, the foil 

positions were carefully reproduced in subsequent runs 

with He, D, or H.

The main source of error probably was duc to surface 

layers, which in some cases would have affccted abso­

luto stopping-power measurements by up to 10%,, but 

were almost cancelled out in the stopping powcr ralios, 

as shown by remeasuring with freshly prepared foils.

D. Measurements with Cd Vapor

The vapor pressure of Cd at its melting point 

(~320°C) is 100 ¡x H g ; at 350°C it reaches 250 » Hg. It 

was, therefore, sufficient to use an attenuation cell 

provided with moderate heating, as seen in Fig. 5. The

F ig . 5. The Cd-vapor absorption tube. The rate of escape of 
Cd through the apertures was negligible. The graphite rings were 
a satisfactory solution to difficulties with inserts sticking after 
heating. The inserts had sufficient friction to hold them in place; 
they could be positioned by detachable rods.
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entraneo and exit ends of the ccll are the same; only onc 

is shown.

The cení ral st ainless Steel lubo is heated by a winding 

oí Niclirome ribbon. The attenualion lcnglh (~50cm) 

is bcuvcen nvo pistons wilh lapered diaphragms 

(diam ~  1 111 m) to ’.et the beam llirough. Its vacuum- 

tight and water-cooied tclescoping supports on both 

ends allow íor thcrnial elongation without producing 

niisalignmcnt with respcct to the beam. An outer water 

jacket provides a constant surrounding temperature. 

For alignment the equipment is mounted on two ad- 

justable iraníes (not shown), one of which is situated in 

the plañe oí the diaphragm through which the beam 

enters.
The two pistons liad to be provided with graphite 

pislon rings which permitted a smooth gliding motion 

combined with lightncss, cven after having applied 

hea.t. Additional heating was applied to the sections at 

the locations of the pistons. Tliis prevenís Cd vapor 

from condensing and obstructing the entrance or exit 

openings.
The Cd sample was put in the central section of the 

ceil wiieve the temperature was lowest and controlled 

by a Chromel-Alumel thermocouple connected to a 

potentiometer which permitted observation of tem­

perature variations of less tlian 0.01°C. The ac heater 

current was reguiated by a magnetic stabilizer. Slight 

fluctuations oí the oven temperature could be held by 

hand witliin less than 0.05 °C limits. This was com­

patible wit-h 0.5% error in the Cd vapor pressure used 

íor the measurements, and henee, the measured energy 

attenuations. Vapor pressure measurements were un- 

necessary since only stopping power ratios were 

required.
In  order to minimize the time delay between “vapor- 

in” (oven-hot) and “vapor-out” runs to about 3 min, a 

blast of coid air could be applied to the central part of 

t'nc tube.
Before putting in Cd, the cell was carefully outgassed 

at -i00°C. Shifts of the simultaneously recorded energy 

spectra were observed only during the first 8 min of the 

total oí 3 h outgassing time. After inserting the Cd and 

raising the temperature, a second outgassing was indi- 

caied by a strong beam energy attenuation which later, 

on maintaining a constant temperature, stabilized 

itself at a lower valué. To be surc that this attenuation 

was due to Cd vapor alone, the energy shiít was deter­

minad at two diUerent lemperatures such that the Cd- 

vapor pressure changed by a ratio of 2.46:1; the result 

was a corrcsponding ratio of energy attenuation of 

2.-19:1, which agreed with the change of pressure to 

within 1 .2%.
A conslancy test of the energy spectra, taken at 

343°C with 300-keV incident He+ ions is seen in Fig. 6. 

The accclcrator liad been running for 3 h at this voltage 

and the cell heated for about 50 min. Spectrum 2 was 

taken 70 min after spectrum 1. A shiít of only 0.6 V out 

oí 61C1 V across the electrostatic analyzer is indicated.

Fig. 6. A constancy test 
of the eucruy spectra lakcn 
at 197 n Iig of Cd vajwir 
with 300-kcV IIc+ ions. 
Spectrum 2 was taken 70 
min later than No. 1, show- 
ing that the temperature 
control was adequate.

6261 6161 6061 
Toto l  Anó ly 2 « r  Potent iol  O i f f e r e n c r l n  Vo l t s

For convenience all the measurements on Cd vapor 

were made with the He++ —> Hc+ and the D beam. 

First, with the cell at room temperature a deuterium 

spectrum was taken at the desired energy. Then the 

corresponding He spectrum was taken, for which it was 

only nccessary to double the voltage on each analyzer 

píate. The temperature in the absorption cell was then 

raised to 334.0°C or approximately 150 ¿¿ Hg Cd vapor 

pressure. The shiít of the He spectrum was continually 

observed until its position on the analyzer voltage scale 

became stabilized. After having taken several He 

spectra at this vapor pressure, the analyzer píate volt- 

ages were again lowered to take the “vapor-in” spectra 

with the deuterium beam. Finally, the temperature in 

the oven was quickly lowered as described and the 

“vapor-out” spectra were again taken, first with D, 

then with He. According to this schedule, the time 

elapsed between the “vapor-in” and final “vapor-out” 

spectra was:

for D  of the order of 5 min, 

for He of the order of 20 min.

The sequence of measurements was taken purposely in 

this way because greater care had to be taken with the 

D beam, which was less attenuated.

Table I I  shows the results of the measurements on 

Cd vapor. The errors assigned to the Z272 valúes are

T a b l e  II . Gaseous cadmium. Measured stopping power ratios 
at various beam velocities v.

ti
(units of e*/A)

£ ,r .V  

I'’ lio 
(McV) 2*7.*

1.25 0.156 2.03 0.03
1.39 0.195 2.22 0.03
1.53 0.235 2.29 0.03
1.68 0.282 2.38 0.03
1.82 0.331 2.54 0.02

1.99 0.394 2.58 0.03
2.18 0.474 2.74 0.03
2.44 0.594 3.00 0.05
2.62 0.689 3.28 0.04
2.82 0.794 3.49 0.05

3.02 0.914 3.74 0.05
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bascd on the statistics of llie rcpeated spcctra takcn in 

Cd vapor. At certain energics measurements have also 

bcen repeated and mean valúes takcn.

As in the measurements with foils, the error limits 

were largor tiian cxpected. They probably have to be 

assigned to a iaek oí vapor-pressure equilibrium in the 

aitcnuation cell, which could be still improved by 

making sure that the Cd sample at any time is located 

at ihe coolest section of the oven, in which case no con- 

densation of Cd can occur in any other place within the 

tube.

V. DISCUSSION OF MEASUREMENTS

By extrapolation of the data of Porat and Rama- 

vaiaram -6 on e íor He projectiles in Ag, we estímate that 

the atomic stopping power oí cadmium for He is about 

72X  10~15 eV cmVatom at 148 keV.

According ;o Bohr,31 the contribution to the atomic 

stopping power from momentum and energy transfer to 

target nuclei is

i - f r Z - Z c  f  ¡ i i ?

e„ =  -------— lnj --------------
JLr L m Z tZ iZ M + Z ? )™ -

where Z -  and M t  are the atomic number and mass of 

the target nuclei, ,u is the reduced mass of projectile 

and target, »: is the elcctronic mass, and v is the pro- 

jectile vclocity in units of e2/ii. The largest valué of this 

quantity which could be encountered in our experiments 

is at the lowest energy; at 148 keV we obtain 

£r.= 9.7X l t r :¿ eV enr/atom. However, in the derivation 

of Eq. (13), thc energy losses for encounters which 

produced angular deviations less than

0=  2ZZt(Z-'3+ Z f i3y i2m/i¿v2~ 0 .06  rad

were negicctcd. In  our case, the angular spread of the 

beam was limited to 0.002 rad in the horizontal plañe 

and 0.013 in the vertical. Henee, losses due to nuclear 

encounters do not contribute appreciably to our results.

The atomic stopping power ratio of He to D or H  in 

gaseous and solid cadmium is graphically illustrated in 

Fig. 7. The ordinatcs are the valúes Z2h<¡72 from Eqs. (8)

and (5), and Tablcs I  and II . An outstanding feature of 

the results is that at these beam velocities, well within 

the electrón capture and loss región, the stopping-power 

ratio is, to within 8% , the same for Cd vapor and solid 

Cd. To interpret this fact in terms of a change of effec- 

tive charge of the beam, we would need more informa- 

tion than is now available concerning the charge states 

and partial atomic and ionic stopping powers in cad­

mium. The research of Allison el al.5 and of Iluberman6 
have made this information available for hydrogen 

beams in hydrogen gas, however, and give some idea of 

the sensitivity of tu as a measure of i  or (¿2)av. If  we 

neglect the insignificant contribution from niegative 

hydrogen, the conventional stopping power e for a 

hydrogen beam in H 2 gas may be written

é= í7om«o+-Fi«jíi+ 0'cO^oi+W/\o) , (14)

where e0 is the partial stopping power for atomic hydro­

gen projectiles without contributions from charge 

changing collisions, in eV cm2/atom; ci is the analogous 

partial stopping power for protons; <rc=<roi<ru>/ (ffoi+^io), 

where croi is the loss and trio the capture cross section in 

cm*/atom; (íFoi+PFio) is the energy loss in eV incurred 

in the completion of a charge-changing eyele.

Since i7i00=troi/(o'oi+o'io) and F ftj(>+ F i00= l ,  we may 

write

e =  €o+F'iooCei + 0'io(W/o i+ W ^  io) —  «o] ( 1 5 )  

and obtain

de £i-{~o'io(Woi-\-Woi)—*0 *—íod '̂iao
- = ----------------- d F la = ----- — . (16)
« 6  « F  i »

Table I I I  shows the percentage change in e caused by 

1%  change in the fraction of protons in the beam and in 

the last column it is seen that above 60 keV such a 

change leads approximately to a 0.7% change in e. 

This is the only guide we have to conditions of the II  
beam in cadmium absorbers.

In  the región d=2.4 to 3.0, the valué of F la¡ for II  in 

gases such as H 2 and N 2 increases from 0.90 to 0.98,32

ergs cm-

— ----, (13)
atom

F ig . 7. Slopping-powcr ratios measured in these experiments 
(hcavy Unes) compared lo «lata in other substances obtained by 
conibinin" thc results oí various experimenters.

T a b l e  I I I .  Sensitivity of stopping power of H2 gas for hydrogen 
to a change in the fraction of protons in the beam [Eq. (16)].

Kinctic
energy
(keV) V

«’sX 10“  eVXcmJ/atom 

Fix «i «o e

%  change 
in e due to 
1% change 

in /-'i„

20 0.89 0.185 5.0 3.3 5.0 0.34
40 1.26 0.380 6.2 3.0 6.3 0.53
60 1.55 0.553 6.3 2.4 6.6 0.64
80 1.79 0.724 6.2 2.0 6.2 0.68

100 2.00 0.817 ■ 5.7 1.9 5.8 0.67

125 2.24 0.877 4.9 1.8 5.3 0.66
150 2.45 0.937 4.0 1.6 4.6 0.65

J1 N. l!o]'.r. Kgl. Danske Videnskab. Sclskab, Mat. Fys. Medd. ---------
18, No. 8 ( i “ P. M. Stier and C. F. Barnett, Phys. Rev. 103, 896 (1956).



30o E " . - E C T I V E  C H A R G E  0 K II c B E A M S  T R A V E R S I N G  C d

and in the beam emerging from a frcsh aluminum 

surfacc1'5 it varics i'rom 0.96 to 0.99. I t  seems unlikely 

that a change d l < \ „  in the effectivc charge of more than 

2% from gas 10 solid could be expected for a D o r H  

beam of these velocities. In  this uppcr velocity región 

of Fig. 7, it is seen that

1 < l W e n W  LeHc/ enHsüiíd <1.06. (17)

Since by Table I I I ,  a 2% change in F ím means a similar 

change in cu, we can condude that cn0 does not vary 

by more than S% from Cd vapor to Cd gas in this 

velocity región. If  we anticípate in Cd vapor about the 

same charge composition as in air, He0 is less than 2% 

throughout this velocity range, in which He++ rises 

from F«x =  0.43 to 0.75 and F ix+ F ia>=  1. Due to the 

presence oí the higher charged State (He-1-1") the varia- 

tion of c-Ho with efiective charge is expected to be more 

rapid i han that for I I  shown in Table I I I .  Thus, we 

may state that the eífective charge of the helium beam 

in the kinetic energy range 575-920 keV changes by less 

than S% from rareiied Cd vapor to Cd metal. Within 

this interval, the sign of the change seems to reverse, 

the eífective charge being actually greater in the rarefied 

vapor above 730-keV kinetic energy. These are small 

changes compared to the 79 to 95% increase in i  found 

by Lassen for 6.6X108 cm/sec fission fragments in 

solids compared to gases, or the 20%  increase in 72 
cited by Roü and Steigcrt for íluorine ions.

In the lower velocity range from 1.2 v<, to 2.6 i'0, we 

cannot safely set bounds to the possible change of tu 

between the gaseous and solid pilases, and our deduc- 

tions are less quantitative. The fact that the ratio in 

the solid exceeds that in the gas by less than 8%  indi- 

cates no profound change in the electrón retention of 

eithcr the I I  or the He beam from one environment to 

the other. For if the charge change were large compared 

to the uppcr limits of 1 and 2 for H  and He, respectively, 
it is improbable that the ratio should be afíected as little 

as is observed experimentally. I t  is unsafe to give a nu- 

merical valué to the possible small change which cannot 

be excluded, until íurther experiments are performed, 

such as an accurate comparison of the atomic stopping 

power of Cd solid and Cd vapor for a H or for a He 

beam.

Let Tr be the time required for dissipation of the 

excitation energy if an ion captures an electrón into an 

cxcited orbit, and t c  be the interval of time between 

successive capturing collisions. Bohr and Lindhard10 
have ascribed the enhanoement of effective charge of 

í'iM.ion fi'aj'iiicnts in a solid lo llic fact lliat r r/r,.x> 1 in 

ilu- Mtlid, :i 1 x 1 T f/ r , <  1 in llie gas. We may inquire 

whc-tlurr 1 hese incqualities are also true for the helium 

atonía in our case. To obtain an estimate of the radiation 

lime, we use the classical theory of radiation damping,33

3:1 A. K. Coir.pton and S. K. Allison, X Rays in Theory and 
Expcrima:: (D. Van Xoslrar.d, Ir.c., New York, 1935), p. 270.

which gives

t ,  =  3 » / c V  A i r 2 e 1 i r ,

where v is the frequeney of radiation in sec-1. If the 

energy to be radiated away after a capture by IIc+ is 

20 eV, we obtain Tr=3.7X10 -10 scc.

In  Cd vapor at 160 n Hg pressure at 6X108 cm/sec, 

the He projectile has an interval rc of 2.5X10-9 sec 

between collisions with Cd atoms if we take the charge- 

changing eyele cross section <rc as 15X10~17 cm!. In 

solid cadmium rc is about 2.4X 10-16 sec. Thus, we have

Cd vapor, ( t , / t c ) He~0.15;
(lo)

Cd metal, 1.5X10°;

so that the change of environment as regards ratio of 

radiation to collision time is indeed severe, and the con- 

ditions for Bohr and Lindhard’s explanation exist. If 

objections are raised to this typc of explanation, for 

instance, that the radiation times quoted are far too 

small, due to initial capture of electrons in orbits of high 

angular momentum, or to metastablc states, the explana­

tion of the fission fragment behavior is also invalidated.

In  summary, we can state that the changes in stop­

ping power from gas to solid appear to be considerably 

less than those found by Lassen and by Roll and 

Steigert for heavier ions, although the change in the 

radiation-time versus collision-time ratio is as great as 

in the cases studied by them.

A theory of Neufeld34 describes a density effcct for 

He ions in condensed argón and argón gas in terms of 

the electrostatic iield due to polarization of the médium 

traversed by a charged particle. This field is propor- 

tional to the density of the médium and produces field 

cniission of any excited electrón from He+ in the con­

densed matter only, resulting in an effective charge 

squared about 12% higher than in argón gas. A direct 

comparison of the present data with this theory, applied 
to the case of Cd, is not feasible, because although the 

change to be expected in is calculated, the rela-

tion between this measure of efiective charge and stop­

ping power will remain unclear for He in this velocity 

región, until the partial stopping powers for He0, He+, 

and He++ are known.

Empirically, data on chcAh ratios, which are easier 

to nieasure than absolute stopping powers, are useful 

in converting absolute measurements on protons to 

absolute He valúes, and Whaling35 has compiled a set 

of such ratios averaged over a few target substances and 

possibly accurate to 20%. These are obtained by com- 

bining the resulls of difieren! experimentéis with dif- 

íerent measuring systems. Some of the results ofsudi 

conibinalions are shown in the dashed curves of Fig. 7. 

The curves for argón and helium target gases combine 

data taken by Burgy21 and by Weyl22 on He projectiles,

M J. Neufeld, Phys. Rev. 96, 1470 (1954).
,s W. Whaling, in Handbuch der Physik, edited by S. I'lügge 

(Springer-Verlag, Berlín, 1958), Vol. 54, p. 193.
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and by Reynolds ct a l.P  Vv’eyl and Phillips54 on I I  

projectiles. The curves íor Al and Au combine data 

taken by Gobeli116 ovi He and the data of many experi- 

menicrs wiih hydrogen beams as collected by Whaling.’6

In  the high-energy región above 1 McV per amu, 

Roll and Steigert, giving lluorine projectiles as a typical 

example show that e.u, v/<=m. h ratios fall into two groups, 

one having a common an,d larger numerical valué char- 

acteristic oí solid targets as a class, and a group, char- 

acteristic oí gases, having smaller numerical valúes.

3« G. W. Gobeli, Pliys. Rev. 103, 275 (1956).

Figure 7 indicates that, unfortunately for the usefulness 

of ratios in this lower energy región, such a

grouping into valúes typical of solids and gases probably 

does not occur, but that the diíícrence between solids 

and gases is comparable to the diíTerence between dif- 

ferent gases (such as He and Ar) and different metáis.
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