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FOREWORD 

The Summary Report of the Physics Division of the 

Argonne National Laboratory is issued monthly for the information of 

the members of the Division and a limited number of other persons 

interested in the progress of the work. Each active project repor ts 

about once in 3 months , on the average. Those not reported in a 

part icular issue a re listed separately in the Table of Contents with a 

reference to the last issue in which each appeared. 

This is merely an informal progress repor t . The 

resul ts and data therefore must be understood to be prel iminary and 

tentative. 

The issuance of these repor ts is not intended to con­

stitute publication in any sense of the word. Final resul ts either 

will be submitted for publication in regular professional journals o r , 

in special c a s e s , will be presented in ANL Topical Repor ts . 
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I. EXPERIMENTAL NUCLEAR PHYSICS 

1-11-30 Installation and Operation of the Van de Graaff Generator 
(51210-1) 

Jack R. Wallace 

This report covers the operation of the 4. 5-Mev Van de 

Graaff generator in the Physics Division for the period from October 1 

to December 31, 1961, inclusive. 

Protons, alphas, and deuterons were accelerated by the 

generator. The terminal voltage of the Van de Graaff during this period 

was varied from 0. 8 Mv to 4. 4 Mv. Beam currents measured at the 

experimenters target varied from 0. 1 |i.a to 25. 0 [xa. 

Below is a list of experiments being performed with the 

beams from the generator and the experimenters associated with these 

experiments. 

11 

1. Alpha-gamma reactions Lee, Meyer-Schutzmeister , 
Malik, Weinman 227. 8 hr 

2. Investigation of energy 

levels in Bl" Popic 118.4 

3. (d, a) reactions Schiffer, Lee, Braid 45. 2 

4. Sputtering experiments 
in Rutherford collision 

region Kaminsky 99. 6 

5. Lifetime of excited states Lynch 110. 7 

6. Elastic scattering of 

protons Mertz 55. 3 

7. Neutron polarization Elwyn, Lane, Langsdorf 129.8 

8. (p, y) and (p, p'y) Lee 58. 3 

Running time 845. 1 hr 

Start up and daily maintenance 43. 0 

Generator repairs and experimental setups 303.9 
Total time available (63 days X 16 hr /day + 23 days X 8 hr/day) 1192. 0 hr 
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The operational failures of the generator were routine in 

nature during this period. No major changes were made on the generator . 

The charging belts used in the Van de Graaff a re now put 

into a metal container connected to a high-vacuum pumping system with 

a liquid nitrogen trap. The purpose is to remove any water or other 

condensible vapors that are present on the belt. Although no detailed 

tests have been made, we believe this has improved their performance. 

Belts that originally failed to perform properly in the generator have been 

satisfactory after this treatment. All belts now get this t rea tment and a r e 

stored in evacuated containers. 
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II. MASS SPECTROSCOPY 

II-23-1 Sputtering Experiments in the Rutherford Collision Region 

(51300-01) 

M. Kaminsky 

1 
Sputtering phenomena have been studied by many authors 

in the hard-sphere collision region and to a l e s se r extent in the region of 

weakly screened Coulomb coll isions. For the energy region above 100 kev, 

where for light incident ions (Z ^ 2) bombarding targets with Z < 40 the 
2 

Rutherford scattering predominates, the only data for "back" sputtering 
3 

known to the author a re prel iminary results reported by Pleshivtsev. 

However there exists a discrepancy of 3 to 4 orders of magnitude between 

sputtering ratios reported by this author for deuterons bombarding a cop­

per target and the theoretical predictions for the same system, such as 
4 5 e 

those of Goldman and Simon, Goldman, Harr ison, and Coveyou, Harrison, 
y 

and Pease . It seemed interesting, therefore, to check the experimental 
result by experiments in the Rutherford collision region. Such coll isions. 

1 

M. Kaminsky, review ar t ic le for Ergeb . exakt. Naturwiss . (in p r e ­
paration). For data up to 1955, see the ar t icle by G. K. Wehner, Adv. 
in E lec t r . Phys . 7̂ , 289 (1955). 
2 

It is necessa ry to discr iminate between "back" sputtering and "forward" 
sputtering. In back sputtering the target part icles leave from the surface 
that is struck by the incident ion beam, while in forward sputtering they 
leave from the opposite surface [see experiments by M. W. Thompson, 
Phil . Mag. £, 139 (1959)] . 
3 

N. V. Pleshivtsev, Soviet Phys . JETP 2Z., 882(1960). 
4 

D. T. Goldman and A. Simon, Phys. Rev. Ul, 383 (1958). 
5 

D. T. Goldman, D. E. Harr i son , and R. R. Coveyou, Oak Ridge 
National Laboratory Report 2729 (1959). 

D. E. Harr i son , J. Chem. Phys. yZ^, 1332 (1960). 
7 

R. S. Pease , R endiconti S. I. F . , Corso XIII, September 1959, p. 158. 
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which d i sp lace t a r g e t a t o m s , occur when the e n e r g y 

is g r e a t e r than a l imi t ing ene rgy 

2 /3 ^ 2 / 3 . ^ 1 1 
E g = 4 E j ^ 2 Z ^ = Z ^ 2 (Z, + Z^ 

E of the i n c i d e n t ions 

' - 2 E ^ 
(1) 

w h e r e M, Z^ a n d M ^ , Zg a r e the m a s s 
and the a t o m i c n u m b e r of t he i n -

s spec t ive ly , E^= 13.6 ev is the R y d b e r g 

ene rgy for hydrogen, and E^ is the ene rgy r e q u i r e d to d i s p l a c e an a t o m 

from its la t t ice s i t e . F o r many m e t a l s the va lue s of E^ a r e 20-25 ev 

(e e E = 25 ev for Cu and 21 ev for Ag) . 

In our e x p e r i m e n t s two s ingle c r y s t a l s of e l e c t r o l y t i c c o p p e r , 

| : X i X l i n . , we re bombarded under n o r m a l i nc idence wi th d e u t e r o n s wi th 

energ ies of 0 . 8 — 2 . 5 Mev . The s u r f a c e b o m b a r d e d w a s the (110) p lane of 

one c r y s t a l and the (100) plane of the o t h e r . T h e s e c r y s t a l l o g r a p h i c p l an es 

were pa ra l l e l within 3° to the ac tua l t a r g e t p l ane , as d e t e r m i n e d by L a u e 

d i a g r a m s . In a cyc le , r e p e a t e d t h r e e t i m e s , t he s u r f a c e s w e r e p o l i s h e d 

mechanica l ly and v e r y s l ight ly e t ched . The c r y s t a l s w e r e d ipped for about 

1 min into the etching ba th , cons i s t ing of 25% a c e t i c a c id , 55% o r t h o p h o s ­

phoric acid, and 20% n i t r i c ac id . The s u r f a c e s ob ta ined had a m i r r o r f in i sh 

and were examined by opt ical and e l e c t r o n m i c r o s c o p y b e f o r e and a f t e r the 

bombardmen t . The a p p e a r a n c e of p i t s in the s u r f a c e could be o b s e r v e d a f te r 

the b o m b a r d m e n t . The r e s u l t s of such s u r f a c e " e t c h e f f e c t s " wi l l be r e p o r t e d 

e l s e w h e r e . Before the c r y s t a l was moun ted in the t a r g e t h o l d e r , the s u r f a c e 

was freed of adhe ren t t r a c e s of the r e p l i c a t i n g p l a s t i c by swabb ing wi th t r i -

D D 'Xr-i \ c h l o r e t h y l e n e , a c e t o n e , and m e t h y l 

a l c o h o l . The e x p e r i m e n t a l a r r a n g e ­

m e n t is shown s c h e m a t i c a l l y in F i g , 

1. The t a r g e t c h a m b e r shown s c h e ­

m a t i c a l l y in F i g . 2 was f i t ted wi th 

a t r i p l e be l lows s y s t e m by wh ich the 

Coll imators 

Analyzing 
Moqnet Collector 

VdeG Beam 

F i g . 1. Schemat ic d i a g r a m of the 
expe r imen ta l a r r a n g e m e n t . 

N. Bohr , Kgl . Danske V i d e n s k a b . S e l s k a b , M a t . - fys . Medd . 1^^ 8(1948) . 
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1 ^ 

3 

Fig. 2. Schematic drawing of the target chamber. A is the triple bellows 
system for the target movements. B is the quartz collector. C is the 
target . D are Kovars for electrical connections. E is a single bellows 
system for shifting the quartz collector. F is the outlet for the 6-in. 
mercury diffusion pump. G is a liquid nitrogen t rap , to which fingers 
a re attached to cool the target . The target chamber is made of Inconel 
and gold gaskets are used for sealing. 
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crystal could be rotated around an axis parallel to the surface plane under 

bombardment, and moved horizontally and vertically in a plane perpendicular 

to the direction of the incident beam. With this arrangement the sputtering 

could be studied as a function of the angle of incidence and a fresh target 

spot could be bombarded in each run. Around the target was a collector 

consisting of a quartz tube with an inner diameter of 18 mm and a length of 

100 mm. In order to pass the incident beam, a slit about 3 mm wide and 

parallel to the axis of the tube was cut down the full length. Another bellows 

system (see Fig. 2) allowed the collector to be shifted paral lel to the axis of 

rotation of the crystal. This exposed a fresh collector surface for each sput­

tering experiment without opening the machine. 

A beam of deuterons from the Van de Graaff passed through 

an analyzing magnet and two collimating plates before striking a target spot 

about 2 mm in diameter. The current densities for different runs ranged 

between 300 and 600 pA/cm^ . The measured total target cur ren t was co r ­

rected for the secondary electron current in order to determine the actual 

beam current. The secondary electrons made up about 10% of the total 

current, the contribution at 2. 0 Mev being about 25% less than at 0. 8 Mev. 
9 

Aarset, Cloud, and Trump have observed a s imilar variation of the s e c ­

ondary emission from Ni and Au bombarded by protons, but their secondary 

currents were considerably larger than in the present exper iments . 

The vacuum in the target chamber was held at 2X10-'i 'mm 

Hg. The sputtered target atoms were condensed on the quartz wall. The 

relative thickness of the deposits was measured by an optical t ransmiss ion 

method using a monochromatic light source (sodium vapor lamp), a sapphire 

light pipe, and a photomultiplier arrangement . The data taking was auto­

mated by using a motor-driven collector and register ing the photocurrents 

on a chart recorder. The relationship between the t ransparency of the de­

posits and the layer thickness was taken from Koedam's data. A layer 

30 A thick is still detectable. A mass spectrometer now under construction 

will serve as a more sensitive detector and will distinguish the different 
'9 ' • 

B. Aarset, R. W. Cloud, and J. G. Trump, J. Appl. Phys. 25, 1365(1954). 
M. Koedam, Thesis, State University of Utrecht, March, 1961. 
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species of sputtered part icles (ions, a toms, or molecular species) . How­

ever, the deposition of the sputtered part ic les on a t ransparent collector 

has the advantage of showing their angular distribution. 

Our measurements indicate that the angular distribution 

does not follow a cosine law but is more peaked in the direction normal to 

the surface, and approaches the cosine distribution only for angles la rger 

than 40 from this normal . The deposit appeared to show a faint spot pattern 

corresponding to the preferred ejection of atoms along close-packed crystal 

direct ions. In the case of the (100) crystal plane, the contribution of the (UO) 

directions seemed to show up under 45 but was too thin for a definite iden­

tification. Because of the width of the slit in the collector and the diffraction 

effects at the edges of the slit, the deposits could be detected accurately only 

for angles l a rge r than 25 with respect to the normal . 

The observed deviations from the cosine distribution do not 

allow the determination of a "uniform" sputtering rat io. The first explora­

tory experiments were conducted by bonnbarding a (UO) plane of a copper 

single crysta l successively with 0.80- and 2. 5-Mev deuterons. The chosen 

period of i rradiat ion was too short to allow more than an upper limit 

S = 5X 10- 2 to be set for the sputtering ratio at each energy. Since 
max 

these resul ts indicated a ratio approximately two orders of magnitude lower 

than Pleshiv tsev ' s , an absolute value for the sputtering ratio was sought. 

For 800-kev deuterons bombarding a (100) plane of a copper single c rys ta l , 

the sputtering ratio was found to be S = I.IX 10"^ atom/ion at 25 and 

5. 8 XlO-4 atom/ion at angles la rger than 40 . The results at these two 

angles are shown in F ig . 3 as two dots connected by a solid line. For the 

case of 1. 5-Mev deuterons bombarding the same s ingle-crysta l plane, the 

limited irradiat ion time allowed establishing only an upper limit S =. 
° max 

0. 9 XlO-3 atom/ion. As shown in Fig. 3, these values of the sputtering 

ratios a re 3 to 4 orders of magnitude smal ler than those reported by 

Pleshivtsev. The present results indicate also that the sputtering ratio 

decreases with increasing energy, contrary to the findings of Pleshivtsev. 
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0.5 1.0 1.5 2.0 
E(Mev) 

Fig. 3. Comparison of sputtering 
ratios for deuterons bombarding 
copper under normal incidence. 
Curves a, b , c, and d represent 
the values from references 3, 7, 
4, and 5, respectively. The points 
marked + in curve d are from r e ­
ference 6. The two dots connected 
by a solid line represent the values 
determined from the deposits col­
lected at angles of 25 °(S= 1.1 XIO-3) 
and larger than 40° (S=5.8X 10-*) 
when the (100) plane of a copper 
single crystal was bombarded with 
0. 8-Mev deuterons. The established 
upper limit of the sputtering ratio for 
1. 5-Mev deuterons is also shown by a 
dot. 

Unfortunately, Pleshivtsev did not state the experimental conditions under 

which he obtained his results. However, the high values of the sputtering 

ratio and their increase with increasing energy seem to indicate that an 

evaporation process is superimposed on the sputtering p rocess . Such 

target evaporation becomes likely if the power transmitted by a high-energy 

beam at large ion currents is too great to be dissipated rapidly enough by a 

thin target (e. g. , a foil or film). 

It seems of interest to compare the present results with values 

calculated on the basis of different theoretical concepts and to discuss briefly 

a sputtering model which seems to be plausible for the energy region con­

sidered. Consider a Rutherford collision in which an incident particle pene­

trates the target where its mean free path is \(about 0. 8 XIO"'* cm for 500-kev 

deuterons on Cu) and displaces a target atom from its lattice site as a " p r i ­

mary knock-on. " The cross section cr for such collisions for E > E has 

g d B 
been given by Bohr as 

M, 

M , 
Z ^ 2 Z ^ 2 E j ^ = I " AE; E E 

(2) 
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2 

where A = 4M^ M^/(My^M2 ) and ao is the Bohr radius. The mean energy 

E of these "pr imary knock-ons" is 

E = E ^ l n ^ , (3) 
d 

with 

^ ™ ^ ' ^ % M , + M , ) ' ^' 

If the condition E « E is fulfilled, the pr imary knock-
max 

ons a re displaced normal to the direction of incidence. These pr imary 

knock-ons in turn interact with neighboring lattice atoms by hard-sphere 

collisions and produce secondary displacements . Such successive collisions 

continue until the displaced atoms have cooled to such an extent that their 

kinetic energies have fallen to the order of the displacement energy. A c e r ­

tain fraction of these displaced part icles will have a chance to reach the su r ­

face and to escape. Several authors tr ied, on the basis of different concepts, 

to relate the number of sputtered atoms to the number of such displaced t a r ­

get a toms. Certain simplifying assumptions are commonly made in all these 

theor ies . For instance the anisotropy of the energy t ransfer within the 

lattice is neglected, as is the electron excitation as a principal mode of 
energy loss for fast-moving charged part icles in a solid [whenever E > E = 
1 "^ 
-rr (M, /m )W , where W is the F e r m i energy of the free electrons and m 
16 1 e 1 1 e 
is the electron m a s s ! . For d on Cu, E =1.1 kev. As long as E < E , 

•' c c 
this effect will be important only for the energy loss of the incident par t ic le . 

4 
Goldman and Simon assumed that the production of p r imary 

knock-ons is inversely proportional to the mean free path \ of the incident 

par t ic le . The subsequent secondary collisions were t reated as hard-sphere 

interactions and the sputtering ratio S was assumed to be also proportional 

to the average number v of displaced secondary a toms. Under simplified 

assumptions, correct ions were made for displaced target atoms which got 

trapped in the lat t ice. According to the authors, the expression for the 

sputtering ratio S is 
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kV (4) 

w h e r e k = 0.17/0- , in w h i c h cr ^ = TTR^ is the c r o s S s e c t i o n for hard-sphere 
d d _ 

c o l l i s i o n s . By i n s e r t i n g the p r o p e r e x p r e s s i o n s f o r \ and v into Eq. (4) 

as d e s c r i b e d by Sei tz and K o e h l e r ^ ^ f o r t h e e n e r g y r e g i o n considered, the 

a u t h o r s obta in 

S = 0.17v 
Z^ = Z^=^e* M^ J 

E E R 2 M_ c o s + 
d ^ 

(5) 

w h e r e v = [ 0. 885 + 0. 561 In ^ (x + 1)] ( x + l ) / x , w i t h 

4M M 
1 2 E 

(M^+M^)"" ^ d 

H e r e i|j is the angle of i n c i d e n c e and the o t h e r n o t a t i o n s a r e the same as 

u s e d in E q s . (1) - (3). C a l c u l a t e d v a l u e s for S (E) , b a s e d on E q . (5) for 

a coppe r t a r g e t b o m b a r d e d by d e u t e r o n s , a r e p l o t t e d a s c u r v e c in F ig . 3. 

Applying the s a m e m o d e l , G o l d m a n , H a r r i s o n , and Coveyou 

p e r f o r m e d a Monte C a r l o c a l c u l a t i o n and o b t a i n e d the r e s u l t s shown as dots 

in c u r v e d in F i g . 3. A c o m p a r i s o n b e t w e e n c u r v e s c and d shows a quali­

t a t ive a g r e e m e n t for the function S (E) , bu t q u a n t i t a t i v e l y t he s p u t t e r i n g 

ra t ios p lot ted in c u r v e d a r e s m a l l e r than thDse in c u r v e c . 
s 

H a r r i s o n u s e d a modi f ied m o d e l to d e r i v e a n a n a l y t i c a l 

e x p r e s s i o n which inc ludes the equa t ion of G o l d m a n and S i m o n as a spec ia l 

c a s e . The spu t t e r ing r a t i o s c a l c u l a t e d f r o m H a r r i s o n ' s t h e o r y a r e a l s o 

shown on cu rve d of F i g . 3. 

Acco rd ing to P e a s e , t he s p u t t e r i n g r a t i o S is d e t e r m i n e d 

by t h r e e f a c t o r s . One is the effect ive c o l l i s i o n a r e a a v a i l a b l e w i th in one 

2/ 3 

l a y e r (S oc cr^n ), a second is the n u m b e r of l a y e r s c o n t r i b u t i n g to s p u t ­

t e r i ng (Soc 1 + N ), and the t h i r d is the t o t a l n u m b e r of d i s p l a c e d a t o m s 

pe r p r i m a r y knock-on ( S o c i l / Z E ^ ) . Thus the s p u t t e r i n g r a t i o fo r n o r m a l 

inc idence and for 2E^ < E < E is g iven by 
m a x 

F . Seitz and J . K o e h l e r , Solid S ta te P h y s . 2, 307 (1956). 
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s =,/"„..'", 11 (6a) 

Here <r is the displacement c ross section for the energy region considered, 

n is the number of target atoms per unit volume, and N is the number of 

ha rd-sphere collisions the pr imary knock-ons make with other atoms in 

slowing down to an energy E corresponding to the heat of sublimation of 
12 

the target . If binary collisions a re assumed in a random-walk calculation, 

the total number of atomic layers (including the surface layer) contributing 

to sputtering is found to be 
"" 1/2 

1 + N ^ / ^ = 1 + 
log(E/E^) 

log 2 

By inserting this into equation (6a) one gets 

^ d " 
2 / 3 

1 + 
log (E /E^) 

i^i~2 

1/2 

1 E. 
• 4 E , (6b) 

On the basis of Eq. (6b) Pease calculated values for the 

sputtering ratio S of copper targets bombarded by protons, deuterons, 

and helium ions. Curve b in F ig . 3 represents such calculated values 

for deuterons bombarding copper. (Values a re taken from Fig. 1 of 

Pease ' s a r t i c l e . ) A comparison of curves b, c, and d shows that the 

values calculated by Pease are considerably la rger than the ones cal -
4 .a 

culated by other authors . However all three curves predict a decrease 

of the sputtering ratio with increasing energy. 

Contrary to these calculations, Pleshivtsev predicted that 
the sputtering ratio should increase with increasing energy in the consider­
ed energy region E > E . He tr ied to corre la te the sputtering ratio with 

B 

the total number of displaced par t ic les , a number which will actually in­

crease with increasing energy. However, as mentioned above, only a 

fraction of the total number of displaced part icles will have a chance to 

S. Chandrasekhar , Revs. Modern Phys . 16, 12(1943). 



12 
II-23-I 

reach the surface and to escape. Pleshivtsev's values of the sputtering 

ratios are therefore larger than those predicted by other authors . 

Pleshivtsev's values for the sputtering of copper by deuterons a re given 

in curve a in Fig. 3. The values in curve a are 3 to 4 orders of magnitude 

higher than those in b, c, and d and they increase with increasing energy. 

In conclusion, the experimentally determined sputtering 
4 

ratios presented here lie between those calculated by Goldman and Simon 

and Pease and agree with them within a factor of two; but they disagree 

with those reported by Pleshivtsev by 3 to 4 orders of magnitude. The 

data also show a decrease of the sputtering ratio with increasing ion energy, 
4 - 7 

in qualitative agreement with theoretical predictions but cont rary to the 

findings of Pleshivtsev. Therefore on the basis of these results Pleshivtsev 's 

claim that the theory of Goldman and Simon is " incorrect in general" does not 

seem justified. Fur thermore, the present results indicate that the dis t r ibu­

tion of the sputtered particles deviates from a cosine distribution in the energy 
13 

range investigated. This makes a definition of the sputtering rat io de ­

pendent on the direction of the escaping target a toms. 

Further experiments will be conducted with protons, deuterons, 

and helium ions bombarding copper and silver single crysta ls at different 

angles of incidence in the energy range from 100 to 200 kev and 0. 8 to 4. 0 

Mev with the present experimental setup as well as by a mass spect rometr ic 

method. 

13 
For corresponding results for low-energy sputtering, see the work of 

G. K. Wehner [J . Appl. Phys. 3J., 177 (I960)] . More references a re given 
there. 
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I I -39 -1 F r a g m e n t a t i o n of Cyanogen 

H. E . S tanton 

(51310-01) 

ENERGY DISTRIBUTION O F IONS F R O M C^^N^ 

This s tudy was in i t i a t ed in r e s p o n s e to a r e c e n t r e q u e s t for an 

e n e r g y a n a l y s i s of the p o s i t i v e ions of m a s s 26 (CN ) f o r m e d in the e l e c t r o n 

b o m b a r d m e n t of cyanogen (C N ). In o r d e r to m o n i t o r the o p e r a t i o n of the 

m a s s s p e c t r o m e t e r (MA-17) it was n e c e s s a r y to u s e a su i t ab l e s t a n d a r d with 

which to c o m p a r e the peak shape of the unknown. The s t a n d a r d used was the 

p a r e n t ion of a r g o n . Dur ing the i n v e s t i g a t i o n , a l ower l i m i t was d e t e r m i n e d 

for the r e s o l u t i o n width of the i n s t r u m e n t . The p u r p o s e of th i s r e p o r t is to 

p r e s e n t the p a r t i a l r e s u l t s for cyanogen and th is r a t h e r i m p o r t a n t p a r a m e t e r 

of the i n s t r u m e n t . 
1 

The c a l c u l a t e d " t e m p e r a t u r e , " obta ined by a l e a s t - s q u a r e s 

fi t t ing of the e x p e r i m e n ta l e n e r g y d i s t r i b u t i o n wi th a M a x w e l l - B o l t z m a n n 

d i s t r i b u t i o n , was 0.14 ev for the cyanogen f r a g m e n t peak of m a s s 26 . This 

is to be c o m p a r e d wi th an " a r g o n t e m p e r a t u r e " of about 0. 05 ev in the c a l i ­

b r a t i n g r u n s . The two e n e r g y d i s t r i b u t i o n s , a s r e c o r d e d by the m a s s s p e c t r o 

m e t e r , w e r e m a r k e d l y d i f fe ren t in a p p e a r a n c e and t h e r e s e e m e d to be no 

q u e s t i o n tha t the f r a g m e n t of m a s s 26 was f o r m e d wi th s o m e ions having 

k ine t i c e n e r g i e s up to 0 .5 ev or m o r e . A d i r e c t c o m p a r i s o n of the two d i s ­

t r i b u t i o n s is shown in F i g . 4 . 

F i g . 4 . K ine t i c e n e r g y d i s t r i b u t i o n 
of the f r a g m e n t of m a s s 26 ( c y a n o ­
gen) , s u p e r p o s e d on the d i s t r i b u ­
t ion in k ine t i c e n e r g y of the p a r e n t 
ion (40 ) f rom a r g o n . T h e s e w e r e 
d i r e c t t r a c i n g s f rom the output of 
the r e c o r d e r . It is ev iden t tha t the 
C H peak f rom cyanogen has k ine ­
t ic e n e r g y up to rough ly 0 .5 ev . 

H. E . S tan ton , P h y s i c s D iv i s ion S u m m a r y R e p o r t A N L - 5 9 5 5 ( D e c e m b e r 
1 9 5 8 - J a n u a r y 1959), p . 36. 
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C o m p a r i s o n of m o s t of the f r a g m e n t p e a k s f r o m c y a n o g e n 

with the peaks of a r g o n ions showed tha t t h e s e f r a g m e n t s w e r e f o r m e d wi th 

m e a s u r a b l e k inet ic e n e r g i e s . Dur ing the e x p e r i m e n t , it was ev iden t t ha t 

the s a m p l e s had b e c o m e con tamina ted with a i r so the m e a s u r e m e n t s of 

m a s s e s m / e = 28+ and m / e = 14̂ " w e r e c o m p l e t e l y m e a n i n g l e s s . The 

f r agment of m / e = 28+ i s , appa ren t ly , not f o r m e d f rom cyanogen u n d e r 

e l ec t ron impac t . It a p p e a r e d to be i m p o s s i b l e to find a se t of in i t i a l p a r a ­

m e t e r s that would lead to a t h e o r e t i c a l fit to the e x p e r i m e n t a l d i s t r i b u t i o n 

for C+ and t h e r e b y d e t e r m i n e its t e m p e r a t u r e . C o n s e q u e n t l y , only the e x ­

p e r i m e n t a l cu rve is shown in F i g . 5 . T h e r e a p p e a r s to be a g r o u p of ions 

with e n e r g i e s of about 0 .5 ev in add i t ion 

to t hose f o r m e d wi th low e n e r g i e s . By 

c o m p a r i s o n wi th the d i s t r i b u t i o n for 

C N , one migh t e s t i m a t e the " t e m p e r ­

a t u r e " as about 0.1 ev . 

T h e o r e t i c a l l y , the u s e 

of a M a x w e l l - B o l t z m a n n d i s t r i b u t i o n 

as a b a s i s for f i t t ing the e x p e r i m e n t a l 

t r a c e s is i m p r o p e r excep t for the p a r e n t 
tion of the f r agment C , d i r ­
ec t ly as r e c o r d e d . It s e e m e d ion. It is c l e a r f rom F i g . 4 tha t the d i s -
to be imposs ib l e to obtain a set , + 
of p a r a m e t e r s to give a l e a s t -
s q u a r e s fit to a M a x w e l l -
Bol tzmann d i s t r i bu t ion . 

0.5 
KINETIC ENERGY (evi 

F i g . 5. Kinetic ene rgy d i s t r i bu 

t r i bu t ions of k ine t i c e n e r g i e s for CN and 
+ 

A a r e a l m o s t i den t i ca l for i nd i ca t ed 

e n e r g i e s below the d i s t r i b u t i o n m a x i m a 

This would imply that the p r e c u r s o r s for both ions w e r e at t h e r m a l e n e r g ­

i e s , .nd that , if the p r e c u r s o r for CN w e r e at r e s t , the f r a g m e n t would 

st i l l be emi t ted with a k inet ic e n e r g y d i s t r i b u t i o n . One would s u r m i s e tha t 

the d i s t r ibu t ion due p u r e l y to the f r a g m e n t a t i o n would be c h a r a c t e r i z e d by 

a discont inuous r i s e at z e r o e n e r g y and then a g r a d u a l d e c r e a s e t o w a r d 

h igher e n e r g i e s , s i m i l a r to a s ingle " s a w - t o o t h . " This type of k ine t i c 

ene rgy d i s t r ibu t ion , which a p p r o x i m a t e s tha t g e n e r a t e d by s o m e d i a t o m i c 
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fragmentations, is not a proper Maxwell distribution, and requires addi­

tional theoret ical analysis . The resul ts of the present analysis are 

summarized in Table I. 

TABLE I. E n e r g i e s of c y a n o g e n f r a g m e n t s f o r m e d 
by i m p a c t of e l e c t r o n s wi th e n e r g i e s of 500 -700 ev . 

m / e F r a g m e n t T e m p e r a t u r e ( e v ) 

38 CJ.N'*" 0 . 0 9 9 

12 C"*" 

14 N + 

20 A''""'' 0 . 046 

40 A + 0 . 0 5 4 

24 0. 108 

26 

52 

CN 

N / 

A+ 

A + 

C s N , 
+ 

0. 173 

0. 109 

28 N^ 0 .049 

40 A+ 0 . 0 4 8 

40 A+ 0 .067 

0 .050 

0 . 0 5 9 

ENERGY RESOLUTION OF MASS S P E C T R O M E T E R 

S u b s e q u e n t l y , it s e e m e d d e s i r a b l e t o t r y to d e t e r m i n e the 

l o w e r l i m i t of the e n e r g y d i f f e r ence the i n s t r u m e n t could e f fec t ive ly r e ­

s o l v e . T h i s w a s done by c o m p a r i n g two k i n e t i c e n e r g y d i s t r i b u t i o n s wi th 

t he s a m e d i s t r i b u t i o n law but hav ing a known d i f f e r e n c e in a v e r a g e e n e r g y , 

in o r d e r to find wha t d i f f e r e n c e in " t e m p e r a t u r e " m i g h t be d e t e c t a b l e and 
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to gain some indicat ion of the r e l i a b i l i t y of t h i s d i f f e r e n c e . The r e s u l t s 

indica te that , with carefu l ope ra t ion , d i f f e r ences in " t e m p e r a t u r e s " of 

about 0. 05 ev a r e m e a s u r a b l e with a r e a s o n a b l e a m o u n t of c o n f i d e n c e . 

It had not been an t ic ipa ted that the m a s s s p e c t r o m e t e r would be ab l e 

to make a d i r e c t m e a s u r e m e n t of the t h e r m a l d i s t r i b u t i o n in a g a s a t 

room t e m p e r a t u r e ( K 0.025 ev) but the r e s u l t s of the i n v e s t i g a t i o n 

showed that th is was p robab ly not i m p o s s i b l e , a l though the a c c u r a c y 

would be low. 

The addi t ions to the usua l a r r a n g e m e n t of the s o u r c e c o n ­

s i s t ed in providing the ion box (shown in F i g . 6) wi th an e l e c t r i c h e a t e r 

and a c a l i b r a t e d t h e r m o c o u p l e to p e r m i t the c o n t r o l and m e a s u r e m e n t 

of the ion-box t e m p e r a t u r e . The h e a t e r was supp l ied wi th a l t e r n a t i n g 

c u r r e n t through an i so la t ion t r a n s f o r m e r and v a r i a b l e - v o l t a g e s o u r c e , 

and t e m p e r a t u r e s w e r e read f rom a m i c r o a m m e t e r moun ted ou t s ide 

of the v a c u u m . 

A p p r o x i m a t e l y 60 d i s t r i b u t i o n s of k ine t ic e n e r g y of A'*" w e r e 

m e a s u r e d as the t e m p e r a t u r e of the ion box was v a r i e d f rom about 300°K 

to about 550 K and the se runs w e r e then r e d u c e d by the I B M - 7 0 4 to d e t e r ­

mine the p a r a m e t e r s of the d i s t r i b u t i o n s , one of t h e s e be ing the " t e m p e r ­

a t u r e . " E l e c t r o n s with 700 ev e n e r g y w e r e used to f o r m the i o n s . In ­

i t ia l ion a c c e l e r a t i o n was 200 ev and the to ta l ion a c c e l e r a t i o n w a s 8 k v . 

The r e s u l t s a r e shown in F i g . 7 in which the " t e m p e r a t u r e " 

as m e a s u r e d by the k ine t ic e n e r g y d i s t r i b u t i o n s is p lo t t ed a s a funct ion 

of t e m p e r a t u r e of the ion box as ind ica ted by the t h e r m o c o u p l e . 

A n y c o r r e l a t i o n b e t w e e n k i n e t i c e n e r g y . t e m p e r a t u r e s " a n d t r u e 
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t e m p e r a t u r e s as j udged by F i g . 7 is 

highly t enuous and , if e x i s t e n t , would 

a p p e a r to be n e g a t i v e . The c u r v e d o e s 

show, h o w e v e r , tha t the m a x i m u m d e ­

via t ion is < 0. 05 ev and in th i s s e n s e 

a lower l i m i t to the e n e r g y d i f f e r ence 

the m a s s s p e c t r o m e t e r can r e s o l v e h a s 

been found. F o r th i s s e t of r u n s , h o w e v e r , 

th is is the w o r s t p o s s i b l e p i c t u r e . 

It was evident d u r i n g the c o u r s e of 

the m e a s u r e m e n t s tha t t h e r e w e r e i n t e r ­

mi t t en t shifts which w e r e o c c a s i o n a l l y 
Fig. 7. " T e m p e r a t u r e s " as ob­

tained f rom the kinet ic ene rgy v e r y t r o u b l e s o m e and annoying . At p r e 
d i s t r ibu t ion , plot ted aga ins t 
the t e m p e r a t u r e r e c o r d e d by 
the t he rmocoup le . The points 

ill t 
the ana lys 
r e p r e s e n t s the t h e o r e t i c a l 
r e l a t i onsh ip . 

sent it is s u s p e c t e d tha t m e c h a n i c a l i n ­

s t ab i l i ty in the mount ing of the s o u r c e o r 

show aU the data taken dur ing ^^^^ ig^^ t i^g s t r u c t u r e s m a y have b e e n 
the a n a l y s i s . The solid line 

one of the c a u s e s . The p o s s i b i l i t y of 

e l e c t r o n i c m i s b e h a v i o r is a lways p r e s e n t . 

Even p r e s s u r e s on the machine f r a m e , or v i b r a t i o n of the foundat ion canno t 

be excluded as poss ib le c a u s e s . It is a l so pe r t i nen t to note that a l m o s t a l l 

of the e x p e r i m e n t a l points l ie above the t h e o r e t i c a l c u r v e . Th i s s e e m s to 

imply that any d i s tu rbance i m p a i r s the e n e r g y r e s o l u t i o n of the m a s s s p e c t r o ­

m e t e r and leads to h igher ca lcu la ted t e m p e r a t u r e s . 

F o u r or five runs w e r e d i s c a r d e d f rom the c o m p l e t e se t b e c a u s e 

the resu l t ing d i s t r ibu t ions unques t ionably showed s o m e type of m a c h i n e d i s t u r ­

bance . Usual ly this d i s tu rbance was exhibi ted as a sudden shift in the e n e r g y 

which would appear as a s h a r p d iscont inui ty amount ing to f rom 5% to 100% of 

the max imum in tens i ty . 
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Fig. 8. Same as Fig. 7, 
except that the points 
shown are from only 
a single sweep in ion-
box tempera ture . 

\J.\J3\J 

> o 
• — ' 

v> 
CO 

>-_l 

i 0.040 
< 
ui 
^ 
> 
m 
= .0.030 
a. 
S 
UJ 

J-

• 

' 1 ' 

0 

o 

o y 

o / 

./° 

1 

1 

o 

1 

° / 

1 

^ r 

' 

-

-

_ 

0.020 0.030 0.040 0.050 
THERMOCOUPLE TEMR (ev) 

In. Fig. 8, the points of a selected set of runs is shown as 

in Fig. 7. The points represent one excursion in the true temperature 

of the ion box from about 35 C to about 240 C and back. All runs were 

made on the same day, and no adjustments were made on either the electron 

focusing or the ion focusing. No discontinuous jumps were observed in the 

data, and the machine appeared to operate stably throughout. The points 

seem to fit the theoretical values surprisingly well. The two points shown 

at the temperature of 0. 0287 ev represent two values calculated from the 

same set of data. The difference a r i ses from the fact that permitted e r ro r s 

in the i terative calculations were large enough to accommodate both values 

as final answers . 

A final run was made for mass 26 from cyanogen to give 

assurance that the energy t ransmission of the mass spectrometer was 

file:///J./J3/J
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sufficient to p a s s ions with a p p r e c i a b l e e n e r g i e s . 

The ad jus tment of the e l e c t r o n b e a m is qu i t e c r i t i c a l for 

high reso lu t ion in e n e r g y . As shown in F i g . 6, the e l e c t r o n s p a s s " s i d e -

w i s e " through the ion box, forming ions along t h e i r p a t h s . T h e s e ions a r e 

d rawn out by a smaU potent ia l g r a d i e n t in the d i r e c t i o n of the ion team 

and, t h e r e f o r e , at r ight angles to the e l e c t r o n b e a m . An a p p r o x i m a t e 

m a p of the e l e c t r i c field in the ion box is shown in F i g . 9. 

F i g . 9. Map of equ ipo ten t i a l l i n e s in 
a c r o s s - s e c t i o n a l v iew of the ion 
box . It was a s s u m e d tha t the dif­
f e r e n c e in po ten t i a l be tween the ion 
c h a m b e r and the f i r s t i o n - d r a w i n g -
out p la te was 5 .0 ev, c l o s e to the 
e x p e r i m e n t a l v a l u e . 

It is c l e a r that the e n e r g y p o s s e s s e d by an ion e n t e r i n g the 

ene rgy s e l ec to r is d e t e r m i n e d by any kinet ic e n e r g y r e l e a s e d in i ts f o r m a ­

tion and by the difference in potent ia l be tween i ts point of f o r m a t i o n and 

the en t r ance to the ene rgy s e l e c t o r . Consequen t ly , in a p o o r l y def ined 

e l ec t ron b e a m , ions will be fo rmed at d i f ferent p h y s i c a l dep ths in the ion 

box and will be at different p o t e n t i a l s . A l so if a w e l l - d e f i n e d e l e c t r o n 

beam is d i sp laced l a t e r a l l y in the ion box, the a p p a r e n t e n e r g y of the 

ions will be changed. The d iscont inuous shifts m e n t i o n e d e a r l i e r can , 

in fact , be explained in this way. F o r m a n y of the runs p lo t ted in F i g . 7 

it b e c a m e n e c e s s a r y to read jus t the e l e c t r o n focus r i ng , o r the ion focus -

ing e i ther because of potent ia l d r i f t s , or b e c a u s e of t h e r m a l d i s t o r t i o n in 

the sou rce as a r e su l t of the hea t ing , and c o n s e q u e n t l y the p o t e n t i a l s a t 

which the ions were formed were changed , or the e l e c t r o n b e a m b r o a d e n e d . 

Since va r i a t ions of a few mi l l ivol t s a r e involved , the s c a t t e r m the poin ts 

in F ig . 7 is not s u r p r i s i n g . Actua l ly , the c o n s i s t e n c y of the poin ts in F i g . 8 

is s u r p r i s i n g and p robab ly somewha t f o r t u i t o u s . The s lope of the c u r v e , as 

shown in F ig . 8, was not confined to tha t s e t of r u n s . S e v e r a l o t h e r s e q u e n c e s 
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of runs which form a part of Fig . 7 showed the same slope, i . e . , va r i a ­

tions which were paralled to the theoret ical l ine, but displaced from it. 

Consequently, the measurement of t empera ture changes can be made 

with g rea te r precision than the absolute value. During normal operation 

of the mass spec t rometer , it is cus tomary to compare the " tempera ture" 

of an unknown peak with a s tandard. As a result of the measurements r e ­

corded here , it is reasonable to expect that " t empera tu re" differences be­

tween an unknown ion and a standard ion will indicate kinetic energies of 

formation with an uncertainty of less than 0. 05 ev according to the " tem­

pera ture" model. 

Efforts to eliminate the e r ra t ic behavior and further im­

prove the selectivity of the spectrometer are being continued, but at the 

present stage of development there is much that can be determined con­

cerning the processes of fragmentation of hydrocarbons, since many 

fragments apparently a re released with energies considerably greater 

than this lower l imit . Also at some later date the fragmentation yields 

and energies will be measured for a wider range of energies of electron 

bombardment. 



ZZ 
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V. THEORETICAL PHYSICS, GENERAL 

V-15-12. Statistical P roper t i e s of Nuclear Energy States (51210-01) 

Norbert Rosenzweig 

A stat ist ical theory of nuclear forces has been constructed 

along the same lines as the stat ist ical mechanics of Gibbs. In analogy to 

the phase space, there is the system space of real symmetric matr ices of 

dimensionality N. This space is our model of the space of all possible 

physical sys tems, and the task is to apply sound statist ical principles in 

order to define suitable representat ive ensembles from which such physi­

cal propert ies as s tat is t ics about the eigenvalue s t ructure , neutron width 

distributions, etc. may be deduced. 

Of fundamental importance in the theory is the one-one cor­

respondence which can be defined between the real symmetric matr ix H in 

N dimensions and the same object regarded as a vector in |^N(N -I- 1) dimen­

sions in a definite (though unknown) bas is . This correspondence may be 

expressed as 

l|Hijll = ( « l l ' ^ « 1 2 ' • • • ' - ^ ^ " i N ' • • • • « N N ' - (^' 

The volume element in the system space is 

d V . 2 ^ ^ < ^ - ^ ' I T d H . . (2) 

The systenn space of the matr ices H is unbounded. This 

makes it impossible to define a normalizable distribution that gives the 

same weight to every system, unless the magnitude of the matr ix elements 

is r e s t r i c t ed in some way. 

A somewhat similar situation occurs in the usual statistical 

mechanics in which, to begin with, the phase space of the Hamiltonian var i ­

ables is unbounded. It is only when conservation of energy is taken into 
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account that the r e l evan t p a r t of p h a s e space b e c o m e s bounded , and i t 

b e c o m e s pos s ib l e to i m p l e m e n t the idea of equa l a pr ior i probabi l i ty in 

the fo rm of the m i c r o - c a n o n i c a l e n s e m b l e . The ques t i on t h e r e f o r e 

a r i s e s whether t h e r e i s a quant i ty , ana logous to the e n e r g y in the s t a t i s ­

t ica l m e c h a n i c s of Gibbs , which will r e s t r i c t the m a g n i t u d e of the m a t r i x 

e l e m e n t s in the s t a t i s t i c a l t heo ry of i n t e r a c t i o n s in a p h y s i c a l l y s i gn i f i ­

cant way. 

A pape r being p r e p a r e d for pub l i ca t i on a d v a n c e s the no t ion 

that there i s an analog to e n e r g y in the t h e o r y u n d e r c o n s i d e r a t i o n , n a m e ­

ly a quant i ty which c h a r a c t e r i z e s the s t r e n g t h of the i n t e r a c t i o n s of a 

complex phys ica l s y s t e m . The a v e r a g e va lue of the spac ing be tween e n ­

e r g y l eve l s would be the n a t u r a l m e a s u r e of th is s t r e n g t h . H o w e v e r , in 

the space of r e a l s y m m e t r i c m a t r i c e s a m o r e conven ien t quan t i ty (which 

t u r n s out to be p r o p o r t i o n a l to the a v e r a g e spac ing) i s the r a d i u s R of the 

•2N(N + 1 ) -dimensional s p h e r e in s y s t e m s p a c e , n a m e l y 

R2 = Spur H2 . (3) 

The idea of r e s t r i c t i n g a t t en t ion to s y s t e m s of a def in i te 

s t r eng th is jus t i f ied on the grounds of the g e n e r a l s t a t i s t i c a l p r i n c i p l e tha t 

one m u s t i n c o r p o r a t e into a s t a t i s t i c a l t heo ry such knowledge about a s y s ­

t em as one has (or can e a s i l y obta in) . 

Phys i caUy , r e s t r i c t i o n (3) i s an i m p l e m e n t a t i o n of the i d e a 

that one knows the a v e r a g e spacing be tween e n e r g y l e v e l s . One can , for 

example , o b s e r v e a few ne ighbor ing l e v e l s , as i s often done , and f r o m 

this bit of knowledge e s t i m a t e by ex t r apo la t i on the d e n s i t y of e n e r g y l e v e l s 

over a wide r a n g e of e n e r g y containing thousands of l e v e l s . (The s a m e 

p r inc ip l e a l so f o r c e s us to take account of c o n s e r v a t i o n of p a r i t y and sp in , 

and i n v a r i a n c e under t ime r e v e r s a l . P r e v i o u s w o r k h a s shown tha t a g r e e ­

ment with e x p e r i m e n t can be obta ined only on th i s b a s i s . ) 
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The ana log of the m i c r o - c a n o n i c a l e n s e m b l e i s the m a t r i x 

e n s e m b l e E def ined by the p r o b a b i l i t y d e n s i t y F(H) which i s p r o p o r t i o n a l 

to 

F(H) 06 6 
Spur H2 1 

The e n s e m b l e E i s , in fact , un ique ly def ined by the c o n ­

di t ion that it s ha l l be i n v a r i a n t u n d e r a l l m a p p i n g s of the s p a c e T of 
R 

s y s t e m s of f ixed s t r e n g t h onto i t se l f . T h e s e m a p p i n g s , the g roup of 

o r t hogona l t r a n s f o r m a t i o n s 0 [ | N ( N + 1 ) ] , r e p r e s e n t our m o d e l for an 

a r b i t r a r y change in n u c l e a r f o r c e s . (The i n v a r i a n c e j u s t d i s c u s s e d i s 

ana logous to the i n v a r i a n c e of the m i c r o - c a n o n i c a l e n s e m b l e of Gibbs 

unde r the m o t i o n of the p h a s e po in t s p r o d u c e d by a m e t r i c a l l y t r a n s i t i v e 

H a m i l t o n i a n . ) 

The e n s e m b l e E i s a l s o i n v a r i a n t unde r a change of r e p r e -
R 

sen ta t ion of s t a t e s . An a n a l y s i s of th i s ques t i on l e a d s to the d e r i v a t i o n of 

the d i s t r i b u t i o n of e i g e n v a l u e s and the a s s o c i a t e d e n s e m b l e of e i g e n v e c t o r s . 

The l a t t e r i s the i n v a r i a n t g r o u p m e a s u r e of 0 ( N ) . 

W i g n e r ' s G a u s s i a n e n s e m b l e E and the new e n s e m b l e E 
G R 

a r e r e l a t e d to e a c h o t h e r in the s a m e way as the m i c r o - c a n o n i c a l and 

c a n o n i c a l e n s e m b l e s a r e r e l a t e d in the t h e o r y of G i b b s . T h u s , E and 

E have i d e n t i c a l s t a t i s t i c a l p r o p e r t i e s a s N — 00. Th i s s t a t e m e n t holds 

not only for the d i s t r i b u t i o n s of the v e c t o r s H, but a l s o for the e i g e n ­

v a l u e s of the s a m e o b j e c t s r e g a r d e d as m a t r i c e s t h r o u g h the c o r r e s p o n d ­

ence (1) . T h e r e f o r e , the c o n s e q u e n c e s of E a r e a l s o in the s a m e good 
R 

a g r e e m e n t with the e x p e r i m e n t a l da ta on the d i s t r i b u t i o n s of s p a c i n g s and 

of n e u t r o n w i d t h s , and wi th the d i s p e r s i o n of the g y r o m a g n e t i c r a t i o s in 

c o m p l e x s p e c t r a . 
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V-33-3. Time Reversal, Flux Quantization, and the Curren t -Car ry ing 
State (formerly "Flux Quantization and the Curren t -Car ry ing 
State in a Superconducting Cylinder") (51300-01) 

Murray Peshkin 

1 
The theory of Byers and Yang explains the quantization of 

magnetic flux trapped in a superconducting ring on the basis of four assump­

tions: 

(a) The mutual magnetic interactions of the superconducting electrons 

may be replaced by an external magnetic field, comparable to 

the Hartree field. 

(b) The current density and magnetic field are negligible except in a 

narrow region near the surface, as required by the Meissner 

effect. Then, for practical purposes, one deals with a flux 

threading the current loop but confined to the hole. 

(c) Appropriate zero-order wave functions for electrons deep in the 

superconductor are antisymmetrized products of independent-

particle wave functions, the latter having definite canonical 

angular momentum. 

(d) Some interaction, such as that of the BCS theory, ^ reduces the 

energy of degenerate independent-particle states enough to p r o ­

duce a sufficiently large gap that the flux wUl adjust itself to 

values which produce degeneracy. 

It IS shown in this report that assumption (c) above is 

necessarily restr ict ive, and that it may be replaced by the al ternativ 
assumption: 

un-

e 

1 

^N. Byers and C. N. Yang, Phys. Rev. Let ters 7 46(1961) 

U 7 5 ( i ; 5 7 r ' " ' ^ ^ " ' ^- ""• ^ ° ° ^ ^ - ' ^-''- ^- ^ ^ ' ^ ^ - " e l , Phys . Rev. 108 
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(c') Appropriate ze ro-order wave functions for electrons deep in the 

superconductor involve correlations (apart from those induced 

by antisymmetrizing) of only a few electrons and/or holes. 

Consider first the situation in which zero flux threads the 

loop. T ime- r eve r sa l symmetry imposes a two-fold degeneracy upon all 

cur ren t -ca r ry ing few-particle s tates . Then according to assumption (d), 

zero is a permit ted value of the flux. Now a repetition theorem of Peshkin, 
3 

Talmi, and Tassie may be used to establish the same two-fold degeneracy 

when the flux has the value (in Gaussian units) 

F^ = i(2TT^ic/e) (1) 

for integers l. Thus all integral multiples of (2-irTic/e) are allowed values 

of the flux. 

For half-integral values of i, the situation is more compli­

cated. If i}) is a few-particle wave function with i = j , then its t ime- reversa l 

par tner î ) is a few-particle wave function, of the same energy, with i = - j . 

The repetition theorem can then be used to generate a wave function i|i' with 

i = "I, which is the t ime- r eve r sa l partner of iJ* and is degenerate with it. 

F rom this asser t ion, which is proved in the Appendix below, it follows that 

i = ^ (and then,by the repetition theorem,every half-integral value off) is 

allowed. 

The approach presented here has three important advantages 

over the original one. F i r s t , it shows that the allowed values of the flux 

are independent of the shape of the superconducting ring, since it does not 

require definite angular momentum. Second, it does not require the assump­

tion of s t r ic t independent-particle motion in the zero-order approximation. 

^M. Peshkin, I. Talmi, and L. J. Tass ie , Ann. Phys. 12^, 426(1961) 
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Th i rd , it e m p h a s i z e s that the effective r e p l a c e m e n t of e by 2e in the flux 

unit r e s u l t s f rom the two-fold d e g e n e r a c y under t i m e r e v e r s a l , not n e c e s ­

s a r i l y f rom c o r r e l a t e d mot ion of two e l e c t r o n s . 

An i m p o r t a n t s ide l igh t of t h e s e c o n s i d e r a t i o n s d e a l s wi th 

the gauge i n v a r i a n c e of the BCS t h e o r y . In the u s u a l t r e a t m e n t , one c o u ­

p l e s m o m e n t u m ' p to -'p and i g n o r e s the p o s s i b i l i t y that m a g n e t i c f i e lds 

m a y be p r e s e n t . However , when a c u r r e n t flows t h e r e i s a lways a r e t u r n 

c u r r e n t and an enc losed flux, so that the v e c t o r p o t e n t i a l A canno t v a n i s h 

e v e r y w h e r e in the supe rconduc t ing loop . If the BCS i n t e r a c t i o n i s m a d e 

gauge i n v a r i a n t by coupling opposi te va lue s of [p - ( e / c ) A ] , one m a y won­

der whe the r each s ta te has indeed a p a r t n e r . Even if it h a s , the a p p r o x i ­

mat ion is su spec t b e c a u s e the (gauge i n v a r i a n t ) e n c l o s e d flux i s known to 

influence the mot ion of e l e c t r o n s . It i s now evident that quan t i z ing the 

flux independent ly of shape g u a r a n t e e s the flux va lue s for which t i m e -

r e v e r s a l p a r t n e r s ex i s t . The r epe t i t i on t h e o r e m r e m o v e s the doubt about 

the a p p r o x i m a t i o n depending upon the e n c l o s e d f lux. 

A p a p e r en l a rg ing upon the se i d e a s has been p r e p a r e d for 

pub l ica t ion . 

APPENDIX 

Fo r a flux of i uni ts given by Eq . (1), the v e c t o r p o t e n t i a l 
A i s given by 

\ - ^ ^ - ^ ^ - (2) 

w h e r e S^ i s any m u l t i p l e - v a l u e d s c a l a r function of the c o o r d i n a t e s w h o s e 

change in going once a round a c losed pa th which e n c l o s e s the f l i « i s 

^ S = F . 
i i (3) 
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The velocity operator in the presence of flux F is 

- 1 
V , = — 

i m 

I e -r 
- V - - A 
1 c i (4) 

Two wave functions i|j' and i|j, with possibly different flux values i ' and i, 

are t ime- r eve r sa l par tners if 

(41' I f( X, v, 7) j 4J'y = /iij|f(x, -V, -~)\^\ , (5) 

where f is an a rb i t r a ry function of all the electron coordinates, velocities, 

and spins. Define 4* by 

+ = + '̂'P I 4^ Xk ^ , 1 < \ ' - ^ i < \ ' 
1 
i ' 

(6) 

where k labels the e lectrons. Then the repetition theorem shows that iJi 

is a ^vave function for {it + I) flux units, v/ith the same energy as ij;. Sub­

stitution of Eqs . (4) and (6) into (5) shows that iji is the t ime- reversa l 

par tner of iji'. 
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V - 4 2 - 2 T i m e R e v e r s a l and S u p e r s e l e c t i o n ( f o r m e r l y " G e o m e t r i c 
T - —ZZ —, ( 51210 -01 ) 
T h e o r y of C h a r g e " ) ^ ' 

H. E k s t e i n 

The p r e v i o u s l y r e p o r t e d i dea that c h a r g e and b a r y o n n u m ­

b e r can be expla ined on the b a s i s of r e l a U v i s t i c s y m m e t r y a lone h a s b e e n 

fu r the r deve loped . The p h y s i c a l mean ing of "the t i m e - r e v e r s e d s t a t e " had 

p r e v i o u s l y been given only for spec ia l " s t a t e s " which w e r e e igen func t ions 

of the m o m e n t u m o p e r a t o r s . This i s not only p h y s i c a l l y insuf f i c ien t , if the 

s y m m e t r y p r i n c i p l e for t i m e - r e v e r s a l i s to be va l id for any s t a t e , but a l s o 

m a t h e m a t i c a l l y ob jec t ionable b e c a u s e , s t r i c t l y speak ing , the m o m e n t u m 

o p e r a t o r s have no n o n t r i v i a l e i g e n s t a t e s excep t the v a c u u m . The p r e s e n t 

p a p e r gives a r e f o r m u l a t i o n which r e f e r s only to p r o p e r s t a t e s , and a l s o 

to a l l p r o p e r s t a t e s . 

The b roaden ing of the p h y s i c a l s t a t e m e n t , t o g e t h e r wi th the 

r e m o v a l of a m a t h e m a t i c a l a w k w a r d n e s s , m a k e s the s t r u c t u r e of the t h e o r y 

m o r e p e r s p i c u o u s . As a c o n s e q u e n c e , it can be s e e n tha t t h r e e spec i f i c 

p o s t u l a t e s on the s t r u c t u r e of super s e l e c t e d H i l b e r t s p a c e s can be r e p l a c e d 

by only one pos tu la t e which is a l m o s t t r i v i a l l y s i m p l e : that the a l g e b r a of 

o b s e r v a b l e s i s c lo sed . In the p r e s e n t c a s e th i s m e a n s m e r e l y tha t any self-

adjoint o p e r a t o r c o n s t r u c t e d by the o p e r a t i o n s of m u l t i p l i c a t i o n , add i t i on , 

and mul t ip l i ca t ion by n u m b e r s (appl ied to o b s e r v a b l e s ) i s i t s e l f an o b s e r v a ­

b le . 

No new r e s u l t s a r e obta ined , but the r e s u l t s of the p r e v i o u s 

p a p e r now have a f i r m e r and s i m p l e r foundat ion. Th i s i s r e p o r t e d in a 
2 

p a p e r that has been a c c e p t e d for pub l i ca t ion . 

1 

H. E k s t e i n , P h y s i c s Divis ion S u m m a r y R e p o r t A N L - 6 2 6 2 (De 
be r I960), p . 34; P h y s . Rev . 120, 1917(1960) . 

2 
H. E k s t e i n , Nuovo c i m e n t o (in p r e s s ) . 



V - 4 5 - U 

V - 4 5 - 1 8 . M e s o n - N u c l e o n I n t e r a c t i o n (51151-01) 

K. Hi lda , M. Soga, and K. Tanaka 
R e p o r t e d by K. T a n a k a 

T O T A L CROSS SECTIONS AT HIGH ENERGIES 

We u s e a h y p o t h e s i s of g e n e r a l i z e d i s o s p i n independence to 

exp la in t h r e e i n e q u a l i t i e s a m o n g the to ta l c r o s s s ec t i ons at high e n e r g i e s , 

n a m e l y . 

'r(TT , P ) > O-(TT , p ) , (1) 

a n d 

o- (K ' ,p ) > o - ( K ^ p ) , (2) 

o"(p'>P) > a"(P,P). (3) 

In the c a s e of i n e q u a l i t y (1), one m a y w r i t e f rom c h a r g e independence that 

. < ^ > ( T = ^ ) - < r ( ^ ' ( T = f ) l 

^ 2 r i ( i ) T̂  
+ T Z J „ 1̂  ( T = - ) , 

-I- 2 r i 
(r(TT , p ) - o-(iT , p ) = ^ 2 J ^ 'J 

(4) 

3 Vn 

w h e r e Y and / a r e s u m s over c o m m o n and n o n c o m m o n c h a n n e l s , r e ­

s p e c t i v e l y . F i n a l s t a t e s with the s a m e kinds and s a m e n u m b e r s of p a r t i ­

c l e s , i r r e s p e c t i v e of the z c o m p o n e n t s of t he i r i s o s p i n T^ , s t r a n g e n e s s , 

and b a r y o n n u m b e r , a r e d e s i g n a t e d as being in the s a m e channe l . Use 

has been m a d e of the fact that a (IT , p ) i nc ludes al l the c h a n n e l s (channel 

being def ined by the kind of p a r t i c l e and i t s n u m b e r ) that belong to the 

(tr^, p ) . The n o n c o m m o n c h a n n e l s with p u r e T = -^ that belong to (IT , p) 

a lone a r e e x h a u s t e d by 

A + KO + m(A + A) , 

n -I- A + iV + m(A -1 A") , (m = 0, 1,2, • • • ) (5) 

S ° + A + A + m(A + TV) . 
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Making the d y n a m i c a l a s s u m p t i o n tha t at high e n e r g i e s 

i i 

then l e a d s to the r e l a t i o n s 

a-(TT",p) = o-(Tr'',p) = a-(TT , n) = o-(Tr'',n) > a-(Tr , p ) = o-(Tr , n) (7) 

at high e n e r g i e s . 

In a s i m i l a r m a n n e r , the i n e q u a l i t i e s (2) and (3) a r e e x ­

p la ined on the b a s i s of four f a c t s : (a) the i s o s p i n of the A p a r t i c l e i s 

z e r o ; ((3) al l h y p e r o n s have s t r a n g e n e s s of the s a m e sign. ; (y) the 

s t r a n g e n e s s of al l hype rons is n e g a t i v e ; and (6) the p ion and kaon h a v e 

baryon n u m b e r z e r o . Inequal i ty (1) was exp la ined by (a) , i n e q u a l i t y (2) 

by (a) and (y), and inequa l i ty (3) by (a), (p), and (6) . 

Other r e l a t i o n s , d e r i v e d in a s i m i l a r m a n n e r , which m a y 

be of e x p e r i m e n t a l i n t e r e s t a r e 

<'"(TT ,TT ) > O - ( I T ,TT ) = O-(TT , I T ) , 

o - ( s ' , p ) = o-(s"^,n) > o-(2'*",p) = o - ( 2 ' , n ) , 

o-(S , p ) = ( r ( Z ' , n ) > o - (z" ,p ) = o-(2"^,n) , 

o-C^ , p ) > o-(,lH;",n), o - ( ; ^ " ,p ) = o-(;H:",n) , (8) 

O-(TT , d) = O-(TT , d) , 

( r ( K ' , d ) > O-(K"^, d) , 

" • ( F , d) > o-(p, d) . 

A r epo r t on th is work h a s been p r e p a r e d for p u b l i c a t i o n . 
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PUBLICATIONS SINCE THE LAST REPORT 

PAPERS 

GROUP THEORY 
M. Hamermesh (Unattached) 

Addison-Wesley Publishing C o . , Reading, M a s s . , 1962 

HIGH-FREQUENCY PLASMOIDS 
A. J . Hatch (Project IV-10) 

Proceedings of the Fifth International Conference on 
Ionization Phenomena in G a s e s , edited by H. Maecker 
(North-Holland Publishing C o . , Amsterdam, 1962), 
Vol. I , pp. 748-755 

ABSTRACTS 

A GAMMA-RAY SPECTROMETER FOR STUDIES OF RESONANT-
CAPTURE GAMMA-RAY SPECTRA 

L. M. Boll inger, R. T. Carpenter , R. E. Cote ' , and 
H. E. Jackson (Project 1-7) 

Neutron Time-of-Flight Methods, edited by J. Spaepen 
(European Atomic Energy Community, Brus se l s , 
September 1961), p. 431 

SPIN ASSIGNMENT OF RESONANCES FROM CAPTURE GAMMA-
RAY SPECTRA 

L. M. Bollinger and R. E. Cote' (Project 1-7) 
Neutron Time-of-Flight Methods, edited by J. Spaepen 
(European Atomic Energy Community, B rus se l s , 
September 1961), pp. 199-201 

GLASS SCINTILLATORS FOR NEUTRON DETECTION 
L. M. Bollinger and G. E. Thomas (Project 1-2) 

Neutron Time-of-Flight Methods, edited by J. Spaepen 
(European Atomic Energy Community, B rus se l s , 
September 1961), pp. 431-436 

INELASTIC SCATTERING OF a PARTICLES BY Zn-s* and ZnSS 
H. W. Broek, T. H. Bra id , J. L. Yntema, a n d B . 
Zeldman (Project 1-22) 

Bull . Am. Phys . Soc. ]_, 82 (January 24, 1962) 
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THE DECAY O F .^^Wiss (65 d) AND .^^Re i s s (18 h r ) 
S. B . B u r s o n , D. Z e i , a n d T . Geday loo ( P r o j e c t I -36) 

Bu l l . A m . P h y s . Soc . ]_, 35 ( J a n u a r y 2 4 , 1962) 

THE E l GAMMA-RAY STRENGTH FUNCTION FOR 144 « A « 202 
R. T. C a r p e n t e r and L . M. Bo l l i nge r ( P r o j e c t 1-7) 

B u l l . A m . P h y s . Soc . 7 ,̂ 10 ( J a n u a r y 24 , 1962) 

ANALYSIS O F R E S O N A N T - C A P T U R E y-RAY S P E C T R A . . ( P r o j e c t 1-7) 
R. T . C a r p e n t e r , J . P . M a r i o n , and L . M. B o l l i n g e r 

Neu t ron T i m e - o f - F l i g h t M e t h o d s , ed i t ed by J . S p a e p e n 
(Eu ropean A t o m i c E n e r g y C o m m u n i t y , B r u s s e l s , 
S e p t e m b e r 1961), pp . 563-564 

LOW-LYING LEVELS IN Hg20 0 
R. T . C a r p e n t e r , R . K. S m i t h e r , a n d R . E . Sege l . . ( P r o j e c t 1-60) 

Bu l l . A m . P h y s . Soc . !_, 11 ( J a n u a r y 2 4 , 1962) 

MOSSBAUER E F F E C T IN G d i s s 

C. Li t t le john H e r z e n b e r g , L . M e y e r - S c h u t z m e i s t e r , L . L . 
L e e , J r . , and S. S. Hanna ( P r o j e c t I -19) 

Bu l l . A m . P h y s . Soc . ]_, 39 ( J a n u a r y 24 , 1962) 

ELASTIC N U C L E O N - N U C L E O N SCATTERING AT HIGH E N E R G I E S 
AND SMALL ANGLES 

K. Hilda . ( P r o j e c t V-46) 
Bu l l . A m . P h y s . Soc . 1_, 40 ( J a n u a r y 2 4 , 1962) 

ISOTOPIC IDENTIFICATION O F RESONANCES F R O M C A P T U R E 
GAMMA-RAY S P E C T R A 

H. E . J a c k s o n and L . M. B o l l i n g e r ( P r o j e c t 1-7) 
Neu t ron Time_-of-Fl ight M e t h o d s , ed i t ed by J . S p a e p e n 
(Eu ropean A t o m i c E n e r g y C o m m u n i t y , B r u s s e l s , 
S e p t e m b e r 1961), pp . 191-197 

T E M P E R A T U R E SHIFT IN THE MOSSBAUER S P E C T R U M O F 
M E T A L L I C IRON ( P r o j e c t 1-19) 

R. S. P r e s t o n , J . H e b e r l e , T . R . H a r t , and S. S. H a n n a 
Bu l l . A m . P h y s . Soc . 1, 39 ( J a n u a r y 24 , 1962) 

STATISTICAL MECHANICS O F EQUALLY LIKELY QUANTUM 
SYSTEMS 

N. R o s e n z w e i g . . . . /•• • ^ ir ( c \ 
B • • • • ( P r o j e c t V-15) 

Bu l l . A m . P h y s . Soc . ]_, 91 ( J a n u a r y 2 4 , 1962) 
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Hfi77(n,Y)Hfi7B AND THE ASSOCIATED ENERGY LEVELS IN Hfi^e 
R. K. Smither (Project 1-60) 

Bull. Am. Phys . Soc. 1_, 11 (January 24, 1962) 

LESSONS LEARNED FROM A CHOPPER ACCIDENT 
G. E. Thomas , R. E. Cote ' , and L. M. Bollinger . . (Project I-1) 

Neutron Time-of-Fl ight Methods, edited by J. Spaepen 
(European Atomic Energy Community, B r u s s e l s , 
September 1961), pp. 297-300 

CAPTURE OF ALPHA PARTICLES BY Mg24 
J. A. Weinman, L. L. Lee , J r . , L. Meyer-Schutzmeis ter , 
and S. S. Malik (Project I-16) 

Bull . Am. Phys . Soc. 1_, 72-73 (January 24, 1962) 

Proceedings of the Rutherford Jubilee International Conference, 
Manchester , 1961, edited by J. B. Birks (Heywood and Co. , L td . , 
London, 1961) 

ANGULAR CORRELATIONS IN INELASTIC SCATTERING OF PROTONS 
FROM Mg2 4 

T. H. Bra id , J. L. Yntema, a n d B . Zeldman . . (Project 1-22) 
pp. 519-520 

ELASTIC AND INELASTIC SCATTERING OF 43-MeV a PARTICLES 
IN THE Ni REGION (Project 1-22) 

H. W. Broek, T. H. Bra id , J. L. Yntema, and B. Zeldman 
pp. 517-518 

STUDIES OF (d,t) REACTIONS ON THE ISOTOPES OF NICKEL 
M. H. Macfarlane, B. J. Raz, J. L. Yntema, and 
B . Zeldman (Project 1-22) 

pp. 511-512 

THE (a, t ) REACTION ON NUCLEI 
J . L. Yntema (Project 1-22) 

pp. 513-514 

THE (d,He3) REACTION NEAR Z = 28 (Project 1-22) 
J . L. Yntema, T. H. Braid , B. Zeldman, and H. W. Broek 

pp. 521-522 
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Rutherford Jubilee International Conference (continued) 

ENERGY DEPENDENCE OF THE B i O ( d , p ) B i i ANGUl^R DIS­
TRIBUTION 

B. Zeldman, J. L. Yntema, a n d G . R. Satchler . . (Project 1-22) 
pp. 515-516 

CONFERENCE SUMMARY 
D. R. IngUs (Unattached) 

pp. 837-845 

ANL TOPICAL REPORT 

WEATHER MODIFICATION 
M. B. Rodin and D. C. Hess (Project VI-1) 

Argonne National Laboratory topical repor t ANL-6444 
(December 1961) 

ADDITIONAL PAPERS ACCEPTED FOR PUBLICATION 

POLARIZATION OF NEUTRONS IN SCATTERING FROM LIGHT 
NUCLEI AND IN THE Li^ (p,n) Be^ REACTION 

A. J . Elwyn and R. O. Lane (Project I - l 8) 
Nuclear Phys. (February 1962) 

ELASTIC NUCLEON-NUCLEON SCATTERING AT HIGH ENERGIES 
AND SMALL ANGLES 

K. Hilda (Project V-46) 
Phys. Rev. Letters (February 1, 1962) 

GEOMETRICAL CONSIDERATIONS IN THE MEASUREMENT OF THE 
RATIO L/R IN THE SCATTERING OF POLARIZED NUCLEONS 

J. E. Monahan and A. J. Elwyn (Project I-18) 
Nuclear Instr . and Methods (March 1962) 
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PERSONNEL CHANGES IN THE ANL PHYSICS DIVISION 

NEW MEMBERS OF THE DIVISION 

Staff Member 

Mr. John Robert Marquar t . Born in Benton Harbor, Michigan, 1933. 

Home address : 5009 Wilcox, Downers Grove, Illinois. 

B . S . , University of Arizona, 1955; M . S . , University of 

I l l inois, 1961. He joined the Physics Division on January 

22, 1962 to work on the mass spectrometry of inorganic 

po lymers . 

Technician 

Mr. Gordon Goodwin joined the Physics Division on January 22, 1952 

as a Research Technician (Junior) with M. Kaminsky. 
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