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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 reports 

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

particular issue are listed separately in the Table of Contents with 

a reference to the last issue in which each appeared. 

This is merely an informal progress report. The 

results and data therefore must be understood to be preliminary and 

tentative. 

The issuance of these reports is not intended to con­

stitute publication in any sense of the word. Final results either 

will be submitted for publication in regular professional journals 

or, in special cases , will be presented in ANL Topical Reports. 





TABLE OF CONTENTS 

The date of the last preceding report is indicated after 
the title of each project below. Projects that a re not reported in this 
issue are listed on subsequent pages. 

PAGE 

I. EXPERIMENTAL NUCLEAR PHYSICS 

1-2-20 NEUTRON DETECTORS (ANL-6517, February-
March 1962) 

S. I. Baker , L. M. Bollinger, and G. E. 
Thomas 

The resolution width of boron-containing and 
lithium-containing glass scinti l lators used for 
neutron detection has been made significantly 
narrower by improving the optical system used. 
The poor resolution obtained ear l ie r by us and 
others was due to the nonuniformity of the photo-
cathode of the photomultiplier and to the fraction 
of light actually extracted from the scint i l lator . 

I-3-21 CROSS-SECTION MEASUREMENTS WITH THE 
FAST NEUTRON VELOCITY SELECTOR (ANL-
6072, October-November 1959) 

L. M. Boll inger, L. M. Bogan, R. T. 
Carpenter , R. E. Cote ' , H. E. Jackson, 
J . P . Marion, and G. E. Thomas 

Pre l iminary measurements of the total c ross 
section of molybdenum for neutrons with energies 
from 10 eV to 1000 eV have been completed. 

1-19-10 NUCLEAR RESONANCE ABSORPTION OF GAMMA 
RAYS (ANL-6455, November-December 1961) 

S. S. Hanna, G. J . Per low, J. P. Schiffer, 
and J . A. Weinman 

The effect of magnetic field on the frequency of 
electromagnetic radiation has been studied. It 
was found that for fields of the order of a few 



PAGE 

thousand oersteds over distances of a few 
centimeters the frequency of the radiation 
was shifted by less than about four parts 
in IQis. 

1-22-17 SCATTERING OF CHARGED PARTICLES 
(ANL-6455, November-December 1961) 

J. L. Yntema 
12 

The (d,t) reaction on the five stable i so ­
topes of titanium has been studied at a 
deuteron energy of 21.4 MeV. Groups 
corresponding to the pickup of 2p neutrons 
were observed in both Tiso and Ti^s . In 
the reaction on T i^s , an i = 2 transi t ion 
to a state near 1.8 MeV in Ti*'? was found. 
The odd-even isotopes show a number of 
strong groups. The ground-state t r an ­
sitions in Ti4s(d,t)Ti47 and Ti47(d,t)Ti46 
have not been observed. 

I-30-i CALCULATION OF REDUCED WIDTHS 
FROM RESONANT SCATTERING OF 
PROTONS BY A DIFFUSE POTENTIAL 
(New project) 

J. P . Schiffer 23 

Diffuse-surface optical-model calculations 
have been carr ied out to obtain more r e a l ­
istic estimates of the single-part icle width 
than have been obtained from the R-mat r ix 
formalism. The resul ts have been compared 
with a d^ . resonance observed experiment­
ally in the scattering of protons from carbon. 



H. E . Stanton 

i i i 

PAGE 

1-98-29 UNBOUND NUCLEAR ENERGY LEVELS IN 
THE KEV REGION ( A N L - 6 4 3 2 , S e p t e m b e r -
October 1961) 

C. T . Hibdon 25 

The background due to neutron scat ter ing 
from the tantalum backing for l i thium t a r ­
ge t s has been m e a s u r e d for neutron e n e r g i e s 
from 2 to 300 keV for neutrons emit ted at an 
angle of 120 with r e s p e c t to the d irect ion of 
the proton b e a m . The fraction was found to 
be large at low e n e r g i e s but fal ls s teeply with 
increas ing neutron energy to about 6.5% at 
10 keV. It subsequent ly d e c r e a s e s gradual ly 
to about 2.8% at 100 k e V , where it beg ins to 
r i s e again and r e a c h e s a m a x i m u m of about 
6. 3% near 250 keV. 

II. MASS SPECTROSCOPY 

11-40-10 FRAGMENTATION OF HYDROCARBONS 
( A N L - 6 3 7 6 , June 1961) 

31 

C l a s s i c a l r e a c t i o n - r a t e theory and a cr i t er ion 
se t forth by Rosenstock for the fragmentation 
of hydrocarbons are compared with e x p e r i ­
mental findings for three m o l e c u l e s : b e n z e n e , 
a c e t y l e n e , and e thy lene . The a g r e e m e n t 
appears to be s a t i s f a c t o r y . 

V. THEORETICAL PHYSICS, GENERAL 

V - 4 5 - 1 9 MESON-NUCLEON INTERACTION ( A N L - 6 4 8 8 , 
January 1962) 

K. Tanaka 47 

The h i g h - e n e r g y total crun» s r c l i o n s for KN 
and NN scat ter ing arc interpreted in t e r m s 



P A G E 

V - 4 7 - 1 

of the hypo thes i s of Regge po les (in the 
c r o s s e d channel) and g e n e r a l i z e d i s o s p i n 
independence (Gil) . 

STRUCTURE OF E L E M E N T A R Y P A R T I C L E S 

(New pro jec t ) 

K . H i i d a . . . . . - • • • • • • • • • • 

It is sugges t ed that F j ^ , the c h a r g e f o r m 
factor of the n e u t r o n , i s n e g a t i v e a t low 
t r a n s f e r r e d m o m e n t u m , and tha t t h e c h a r g e 
d i s t r i bu t i on of the p ro ton is such t h a t the b a r e 
p ro ton is s u r r o u n d e d not only by a p o s i t i v e l y 
cha rged l aye r but a l s o by a n e g a t i v e l y c h a r g e d 
l aye r b e c a u s e of the s t r o n g v a c u u m p o l a r i z a t i o n 
due to the t h r e e - p i o n r e s o n a n c e u. 

49 

53 PUBLICATIONS . . . . . . . . . . • • • • • • • • • 

PERSONNEL CHANGES IN THE ANL PHYSICS DIVISION . . . 57 



PROJECTS NOT REPORTED IN THIS ISSUE 

A reference to the last preceding report is given in 
parentheses for each project. 

I. EXPERIMENTAL NUCLEAR PHYSICS 

1-7. Gamma-Ray Spectra from Capture in Neutron Resonances 
(ANL-6146. April-May 1960), L. M. Bollinger, R. T. 
Carpenter , and H. E. Jackson. 

I-IO. Tandem Van de Graaff Accelerator (ANL-6262, December 
1960), F . P . Mooring and J . R. Wallace. 

1-11. Installation and Operation of the Van de Graaff Generator 
(ANL-6488, January 1962), J. R. Wallace. 

1-14. Pulsed Beams for the Van de Graaff Machine (ANL-6391 , 
July-August 1961), R. E. Holland and F . J. Lynch. 

1-18. Neutron Polarization and Differential Cross Sections 
(ANL-6517, February-March 1962), R. O. Lane and 
W. F . Mil ler . 

1-28. Angular Correlat ions in Charged-Par t ic le Reactions 
(ANL-6358, April-May 1961), T. H. Braid. 

1-34. Decay of ^gEr i^^ (ANL-6432, September-October 1961), 
S. B. Burson and R. G. Helmer . 

1-35. Decay of 5.,Lai35 (19.5 hr) (ANL-6391 , July-August 1 961), 
S. B. Burson and H. A. Grench. 

1-55. Capture Gannma-Ray Spectra for Neutrons with Energies 
from 0.1 to 10 eV (ANL-6052, September 1959), S. Raboy 
and C. C. T ra i l . 

1-60. 7 .7-Meter Bent-CrysUl Spectrometer (ANL-6517, February-
March 1962), R. K. Smither . 

1-80. Molecular Beam Studies (ANL-6517, February-March 1962), 
L. S. Goodman, W. J . Childs, J . Dalman, and D. von 
Ehrenstein. 



u Qelf Detection (ANL-6376, 
1-102. Neutron Cross Sections by ^^1^-^'=*!,^' ^ . 

June 1961), J. E. Monahan and F . P . Mooring. 

/ANT 6455, November-December 
I - l l l . Semiconductor Detectors ( A N L - b « 3 , 

1961), H. M. Mann and J. W. Haslett. 

.,, .. „ /AMI -f)517, Feb rua ry -March 1-144. Investigation of Scintillators (ANL bbW, !• 
1962), W. L. Buck and L. J. Basile. 

II. MASS SPECTROSCOPY 

11-23. Sputtering Experiments m the Rutherford Collision Region 
(ANL-6488, January 1962), M. S. Kaminsky. 

11-28 Kinetics of Chemical Reactions in the Gas Phase (ANL-6517, 
February-March 1962), J. Berkowitz and S. Wexler. 

11-29 Gaseous Species in Equilibrium at High Tempera tu re s 
(ANL-6455, November-December 1961), J. Berkowitz. 

11-39. Fragmentation of Cyanogen (ANL-6488, January 1962), 
H. E. Stanton. 

11-41. Consecutive Ion-Molecule Reactions (ANL-6455, November-
December 1951), S. Wexler and N. J e s s e . 

IV. PLASMA PHYSICS 

IV-10. High-Frequency Plasmas (ANL-6455, November-December 
1961), A. J. Hatch. 

V. THEORETICAL PHYSICS, GENERAL 

V-1 . The Deformation Energy of a Charged Liquid Drop (ANL-
6432, September-October 1961), S. Cohen and W. J . Swiatecki. 

V-3. Dynamics of Nuclear Collective Motion (ANL-6517, Feb rua ry -
March 1962), D. R. Inglis. 



V - 4 . Relat ive P - D e c a y Probabi l i t i e s for j ,K<o ( A N L - 6 4 5 5 , November-
D e c e m b e r 1961) , D . Kurath. 

V - 8 . Re la t ionsh ips of Co l l ec t ive Effects and the Shel l Model (ANL-
6 3 5 8 , Apr i l -May 1961) , D . Kurath. 

V - 9 . Interpretation of E x p e r i m e n t s Involving Excitat ion of the 1 5 . 1 -
MeV Level of C i 2 ( A N L - 6 3 9 1 , July-August 1961), D. Kurath. 

V - 1 5 . Stat i s t ica l P r o p e r t i e s of Nuclear Energy States ( A N L - 6 4 8 8 , 
January 1962), N. R o s e n z w e i g . 

V - 2 5 . Scattering of Alpha P a r t i c l e s by a Vibrational Nucleus (ANL-
6 5 1 7 , F e b r u a r y - M a r c h 1962) , L. J. T a s s i e . 

V - 3 3 . Flux Quantization and T i m e - R e v e r s a l D e g e n e r a c y ( A N L - 6 5 1 7 , 
F e b r u a r y - M a r c h 1962) , M. Peshkin and W. Tobocman. 

V - 4 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 ( A N L - 6 4 8 8 , January 1962) , 
H. Eks te in . 

V - 4 6 . E las t i c Nuc leon-Nuc leon Scattering at High E n e r g i e s and 
Smal l Ang le s ( A N L - 6 5 1 7 , F e b r u a r y - M a r c h 1962) , K. Hiida. 





1-2-20 

I. EXPERIMENTAL NUCLEZAR PHYSICS 

I - 2 - 2 0 Neutron Detec tors 

S. I. Baker, L. M. Bol l inger , and G. 
Reported by G. E. Thomas 

(51210-01) 

E. Thomas 

A STUDY OF RESOLUTION WIDTHS OF BORON-CONTAINING 

AND UTHIUM-CONTAINING GLASS SCINTILLATORS 

In the initial m e a s u r e m e n t s taken for the paper by 
1 

Boll inger £t M. to determine the pulse heights and resolut ions for thermal 

neutrons for var ious g l a s s e s , care was used to provide a long pu l se -

integrating t ime in the c i rcu i t ry , a 
tOOARITHWIC SPIRAL 

LtflHT PIPE 

SCINTILLATOft 

. M«0 REFLECTOR /•"^ 
good re f l e c tor , and a photomultiplier 

that had a narrow pulse-he ight d i s ­

tribution with a Nal(Tl) sc in t i l la tor . 

Even with these precaut ions , the 

resolut ion width for our l ithium 

g l a s s G L - 3 0 4 was repeatedly 

m e a s u r e d to be in the range of 

15-20% and was frustratingly 

i rreproduc ib le . As a final effort , 

it was decided to use a photomulti­

p l i e r , if a v a i l a b l e , that had a very 

uniform photocathode sens i t iv i ty . 

For this we used the "standard 

tube" made avai lable by the Argonne E l e c t r o n i c s Div i s ion . 

The exper imenta l arrangement is that shown in F ig . 1. 

This "standard tube" is a DuMont 6363 that has been set as ide for 
1 

L. M. Bol l inger , R. J. Ginther , a n d G . E. Thomas (submitted to 
Nuclear Instr . and Methods) . 
2 

G l a s s supplied by R. J. Ginther of N. R. L. Composit ion given in 
re f erence 1. 

PHOTOMULTIPLIER 

Fig . 1. Scale drawing of the optical 
s y s t e m used in the final m e a s u r e ­
ments of pulse -he ight d i s tr ibu­
t ions . The sc int i l la tors are 2 . 0 
cm in d iameter and 0 . 2 3 cm 
thick. The logar i thmic - sp i ra l 
light pipe is made of luc i te . The 
photomultiplier is the spec ia l 
DuMont type 6363 tube descr ibed 
in the text. 
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reference purposes. In the area covered by our glass scinti l lators 

(2.0 cm diameter) the sensitivity of the photocathode var ies by less 

than ± 6%. This exceptionally good photomultiplier has a luminous 

efficiency of 91 |j.A/lu and gives a resolution width (full width at half 

maximum divided by mean pulse height) of 8. 9% when the Ught intensity 

per pulse from a pulsed Ught source is 100/661 of the intensity given 

by a 661-keV gamma ray in a Nal(Tl) scintillator mounted on the 
3 

logarithmic-spiral Ught pipe of Fig. 1. This special Ught pipe was 

designed to collect nearly all of the available light. Each sample 

was cut to exactly the same size (0.23 cm. thick X 2. 0 cm. diameter) 

and the photomultiplier, Ught pipe, and scintillator were coupled 

together with silicone grease . MgO was carefully packed around the 

Ught pipe and on top of the scintillator to ensure collection of as 

large a fraction of the available light as possible. A conventional 

256-channel pulse-height analyzer was used with long time constants 

throughout, and care was taken that the peaJ^ of the thermal neutron 

distribution was always in the same channel for each sample. The 

same high voltage and ampUfier gain were used throughout. The gain 

was varied by an attenuator which had an e r ro r of less than 1% over 

the region used. The slow-neutron source used was 1 g of Po-Be 

with a graphite moderator and a 2-in. lead filter. 

It was discovered that the optical propert ies of the system 

play a significant role in determining the numerical values of pulse 

heiglits. Two different qualitative effects need to be considered. F i r s t , 

a nonuniformity in the sensitivity of the photocathode was found to be 

surprisingly impor tan t -presumably because the geometrical conditions 

for Ught collection are not the same for different modes of excitation 

of a scintillator nor for different scint i l lators . Second, the fraction 

W. C. Kaiser , A. J. MacKay, and W. W. Managan, Argonne 
National Laboratory Report ANL-6196 (I960). 
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of the emitted light that is extracted from a scintillator was found to 

depend on the optical properties of the system, an important effect 

since the fraction extracted also depends on the index of refraction of 

the scintillator. In particular, for a glass scintillator having approx­

imately the same index of refraction as the glass of the photomultiplier 

and as the grease used as a coupling agent, the light escapes with 

great ease in comparison with the light from Nal(Tl), for which a 

high index of refraction encourages total internal reflection. As a 

result, special care is required if a precise and meaningful com­

parison IS to be made between the pulse heights of a glass scintillator 

and a reference scintillator such as Nal. 

Both of the optical difficulties encountered with the 

scintillators mounted directly on the photomultiplier were largely 

eliminated by using the optical system shown in Fig. 1. The key 

element in the system is the light pipe, shaped in a special form of 
3 

the logarithmic spiral. Recessing the scintillator into the light 

pipe maximizes the probability that the light will escape from the 

scintillator, thus minimizing the influence of the index of refraction. 

Furthermore, the light pipe tends to distribute the light uniformly 

over the surface of the photocathode, independent of the point of 

emission, thus minimizing the effects resulting from nonuniformity 

of the cathode. 

An example of a pulse-height distribution resulting 

from excitation of a boron-containing glass by slow neutrons is given 

in Fig. 2. The peak on the right is formed by the charged particles 

from the reaction B^o(n,a)Li'' and the rise in counting rate near zero 

pulse height is caused by photomultiplier noise and, for some scin­

tillators, by a long-term luminescence of the glass . Figure 3 gives 

the corresponding distribution for the Li"(n,a)T reaction in a lithium 
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F i g . 2. P u l s e - h e i g h t d i s t r ibu t ion 
of the b o r o n - g l a s s sc in t i l l a to r 
G L - 5 5 , when exci ted by t h e r ­
m a l n e u t r o n s . The p u l s e -
height sca le ( absc i s sa ) i s the 
e lec t ron energy that would be 
r equ i r ed to give a pulse of the 
indicated height . 
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F i g . 3 . P u l s e - h e i g h t d i s t r i b u t i o n 
of the l i t h i u m - g l a s s s c i n t i l l a t o r 
G L - 3 0 4 for e x c i t a t i o n by CoSO 
g a m m a r a y s and by t h e r m a l 
n e u t r o n s . T h e a b s c i s s a i s the 
e l e c t r o n e n e r g y r e q u i r e d to 
give a pu l s e of the i n d i c a t e d 
he igh t . 

g l a s s . In addi t ion, the p u l s e - h e i g h t d i s t r i b u t i o n for CoSO g a m m a r a y s 

(1.17 and 1.33 MeV) is given in F i g . 3. 

The r e s u l t s of the m e a s u r e m e n t s of pu l s e h e i g h t s a r e 

s u m m a r i z e d in Table I. The equiva lent e n e r g y E expended in the Nal 

is calculated from the r e l a t ion E = (661 keV)(3, w h e r e p is the r a t i o of 

the height of the pulse being c o n s i d e r e d to the he igh t of t he pu l se f r o m a 

661-keV g a m m a r a y on Nal (Tl ) . It should be noted tha t our Nal equ iva l en t 

values a r e somewhat lower than those r e p o r t e d by o t h e r s . T h i s i s p r o b ­

ably the r e su l t of col lect ing m o r e n e a r l y a l l of t he a v a i l a b l e Ught f r o m 

the Nal when using this l o g a r i t h m i c - s p i r a l Ught p i p e . Our r e s o l u t i o n 

width of 9 .5% for the Uthium g l a s s G L - 3 0 4 is seen to be v e r y m u c h 

n a r r o w e r than the width of 18% obta ined by F i r k et al,. * for the s a m e 

F W. F i r k , G. G. S l augh te r , and R. J . G i n t h e r , N u c l e a r I n s t r . and 
Methods £ 2 , 313 (1961). 
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T A B L E I. Pu l se heights of g l a s s s c i n t i l l a t o r s . 

G l a s s 
number 

Boron 
g l a s s e s 

G L - 1 2 7 

GL-707 

G L - 5 5 

Lithium 
g l a s s e s 

GL-231 

G L - 3 0 4 

100 R^'' 

1 2 . 0 

9 . 0 

9. 1 

34 

33 

100 R j ' ' 

5. 3 

4 . 0 

3 .6 

7 . 6 

6.1 

Equiva! 
energy 

P' 
G l a s s 
(keV) 

272 

206 

208 

1630 

1590 

lent e lectron 
of neutron 

j l s e s 
Nal 
(keV) 

14 .4 

8. 3 

7 .4 

124 

97 

Resolut ion 
width for 
neutron 
pulses 

(%) 

23 

30 

33 

8 .85 

9 .5 

a The compos i t ion of the var ious g l a s s e s is given in re ference 1. 

b p . h . for neutrons in g l a s s 
' l " p . h . for equal d iss ipat ion of energy by e l ec t rons in g l a s s 

p . h . for e l ec t rons in the g l a s s 
^ " p . h . for e l ec trons of the s a m e energy in Nal(Tl) 

kind of g l a s s or than the width of about 20% calculated from the curves 

given by Anderson et a l . M o r e o v e r , the width of 2 3% for the boron g l a s s 
e 

GL-127 i s much narrower than the width of 45% prev ious ly reported by u s . 

D . G. A n d e r s o n , J. D r a c a s s , and P . F lanagan, in Instruments and 
M e a s u r e m e n t s , edited by H. von Koch and G. Ljungberg (Academic P r e s s , 
New York and London, 1961) , Vol . 2 , p. 616 . 

e 
L . M. B o l l i n g e r , G. E . T h o m a s , and R. J. Ginther , Rev . S c i . Instr . 

30 , 1135 (1959) . 
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The m a j o r s t ep r e q u i r e d to r e d u c e the r e s o l u t i o n wid ths 

to the va lues given in Tab le I was to u s e the " s t a n d a r d t u b e " p h o t o ­

mu l t i p l i e r d e s c r i b e d a b o v e . Even for t h i s s p e c i a l t u b e , h o w e v e r , 

nonuni formi ty of the cathode a p p e a r s to b r o a d e n the r e s o l u t i o n s i g ­

nif icantly s ince t he p u l s e - h e i g h t d i s t r i b u t i o n for n e u t r o n s i s i m p r o v e d 

somewhat by using a Ught p i p e . F o r e x a m p l e , the r e s o l u t i o n wid th 

of the Uthium g l a s s G L - 3 0 4 i s 10 .2% when the s c i n t i l l a t o r i s m o u n t e d 

d i r e c t l y on the pho tomul t ip l i e r and d r o p s to 9 . 5 % when t h e l o g a r i t h m i c -

s p i r a l Ught pipe of F i g . 1 i s u s e d . 

Tha t nonuni formi ty of the pho toca thode i s an i m p o r t a n t 

sou rce of r e so lu t i on b roaden ing for m o s t p h o t o m u l t i p l i e r s i s c o n f i r m e d 

by our expe r i ence with a tube having a typ ica l d e g r e e of n o n u n i f o r m i t y . 

This tube exhibi ted a good r e s o l u t i o n for Nal ( 7 . 5 % for Cs^^' ' ' ) but a 

poor r e so lu t ion (about 20%) for the Uthium g l a s s G L - 3 0 4 when the 

g l a s s was mounted d i r e c t l y on the p h o t o c a t h o d e . H o w e v e r , when t h i s 

s ame sc in t i l l a to r and pho tomul t ip l i e r w e r e coupled t o g e t h e r by m e a n s 

of a cy l indr i ca l light pipe 2 cm long the r e s o l u t i o n width d r o p p e d t o 

13%. Apparen t ly th is d i f ference r e s u l t s f rom the l ight pipe p r o v i d i n g 

a m o r e uni form i l lumina t ion of the p h o t o c a t h o d e . The u n u s u a l l y g r e a t 

sens i t iv i ty of the g l a s s s c i n t i l l a t o r s to a n o n u n i f o r m i t y of the p h o t o ­

cathode p robab ly is due to the n e a r equa l i ty of the r e f r a c t i v e i n d i c e s 

of the g l a s s s c i n t i l l a t o r , the opt ica l g r e a s e , and the g l a s s of the 

pho tom u l t i pUer s . As a r e s u l t , the e m i t t e d Ught i s ab le to e s c a p e 

from the sc in t i l l a to r with v e r y few r e f l e c t i o n s . Th i s t e n d s t o m a k e 

the height of a given pu lse s t rong ly dependen t on t he loca l s e n s i t i v i t y 

of the photoca thode . The above d i s c u s s i o n and da ta s u g g e s t t h a t 

nonuniformi ty of the photocathode p lays a m u c h m o r e i m p o r t a n t r o l e 

than is gene ra l l y r e cogn i zed in d e t e r m i n i n g the r e s o l u t i o n wid th for 

other kinds of s c i n t i l l a t o r s and , in p a r t i c u l a r , for the o r g a n i c 

rgy s p e c t r o m e t e r s for fas t n e u t r o n s . 
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1-3-21 C r o s s - S e c t i o n M e a s u r e m e n t s with the Fas t Neutron 
Veloci ty Se lec tor (51210-01) 

L. M. Bol l inger , L. M. Bogan, R. T. Carpenter, R. E. 
Cote' , H. E. Jackson, J. P. Marion, and G. E. Thomas 
Reported by H. E. Jackson 

TOTAL CROSS SECTION OF MOLYBDENUM 

We are current ly studying the resonant-capture y - r a y 

spectra of Riolybdenum in two exper iments in which the t ime-of - f l ight 

resolution is moderate ly poor (approximately 80 n s e c / m ) . This d i s -

advanUge is normal ly o v e r c o m e by analyzing data in the light of the 

known h igh-reso lut ion t r a n s m i s s i o n data. However, only m e a s u r e m e n t s 
1 

of re lat ive ly poor quality, made before 1956, are avai lable in the c a s e 

of molybdenum. For this reason we have made a pre l iminary m e a s u r e ­

ment of the total c r o s s sec t ion of molybdenum, with the main purpose 

of locating and determining the re lat ive s trengths of neutron resonances 

under condit ions of improved resolut ion. 

The neutron t r a n s m i s s i o n s of s a m p l e s ranging from 

0 . 3 1 7 to 1 .270 cm in thickness were determined from m e a s u r e m e n t s 

made with the Argonne fast chopper operated with a t ime-of - f l ight 

resolution of approximate ly 30 n s e c / m . The c r o s s sect ion as a function 

of energy is shown in F ig . 4. The resonance at 12 eV was prev ious ly 

undetected as were twelve other re sonances evident in the new resu l t s 

in the region below 400 eV. A n a l y s i s of the resonance at 12 eV g ives a 

radiation width P = 0. 110 ± 0. 010 e V, and a neut ron width 

r^ = ( 0 . 0 1 9 ± 0 .004 ) X 10 e V / a g , where a is the isotopic abundance of 

the nuclide in which capture o c c u r s and g is the s ta t i s t i ca l factor. 

The capture Y-''*y spectrum (obtained by summing the heights of 

coincident p u l s e s from two c r y s t a l s ) for the 12-eV resonance was 

1 
Brookhaven National Laboratory Report B N L - 3 2 5 . 

2 
H. E. Jackson and L. M. Bol l inger , Phys , Rev. 124, 1142(19( ,1) . 
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measured in an attempt 

to make an isotopic 

assignment. The high-

energy cutoff indicates a 

neutron binding energy 

of 5. 9 ± 0. 1 MeV for the 

capturing nuclide. Lack­

ing knowledge of the p r e ­

cise values of the binding 

energies of even nuclides, 

we were only able to 

limit possibili t ies to 

Mo9S or MoiOO. A 

compilation of the measured cross sections has been submitted to the 

BNL Cross-Section Evaluation Center. 

1-19-10 Nuclear Resonance Absorption of Gamma Rays 
(51210-01) 

S. S. Hanna, G. J. Perlow, J. P . Schiffer, and 
J. A. Weinman 
Reported by J. P. Schiffer 

SEARCH FOR AN EFFECT OF MAGNETIC FIELDS 

ON ELECTROMAGNETIC RADIATION 

Accepted electromagnetic theory does not predict any 

change in frequency for radiation passing through a magnetic field. How­

ever, some scattering effects are expected to take place at very high 

magnetic field strengths. For example, it has been suggested that 

Julian Schwinger, Phys. Rev. 82, 664(1950). 
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some anomalies in astronomical observations may involve a photon-photon 

interaction of the type 

- = - ^ = Kfu, 

- 1 5 
where K is a constant equal to 2.6 X 10 , f is the path length in cm, and 

, 2 I I 

u is the energy density in e r g / c c . It has been suggested that the Mossbauer 

effect might be used to provide a test of this hypothesis if the radiation 

could be passed through a region of high photon density such as might be 

obtained in the vicinity of plasma. Since this form of this proposed inter­

action does not contain any frequency dependence and since if it were to 

exist it would contradict accepted electromagnetic theory, it seemed that 

assuming u to be the energy density due to any electromagnetic field was 

not an unallowable extension of an already radical hypothesis. It is true 

that a static magnetic field does not contain photons and therefore this ex­

periment does not fully test the hypothesis stated in Eq. (1). However, a 

magnetic field produces by far the largest electromagnetic energy density 
4 

obtainable in the laboratory and thus provides a conveniently easy experi-

nnent. 

The measurements were carr ied out by allowing the 

14-keV gamma rays emitted by Fe^^ to pass through t ransverse and longi­

tudinal magnetic fields produced by permanent magnets. The velocity 
s 

spectrometer used will be described elsewhere. The source used was 

E. FinnUy-Freundlich, Phil. Mag. ^ , 303 (1954); M. Born, P roc . 
Phys. Soc. (London) A62, 193(1954). 

A. Ward, Nature J ^ , 858(1961). 

4 

This was pointed out to us by J. Heberle. 
9 

G. J. Perlow (to be published). 
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10 

Cosv diffused into Cu. The absorber was Na^Fe(CN)^ • lOH^O with the 

Fe enriched in Fe^^. This combination produced a single absorption line 

approximately 45% deep (without background corrections) and 0. 5 m m / s e c 

wide. 
In the gap t raversed by the gamma radiation, the magnetic 

field was 5500 oersted at the center and fell off to half this value in about 

0. 5 in. from the center. From Eq. (i), this would give a frequency shift 

of about 5X lo" . We have also made a measurement with the magnetic 

field along the direction of the photons. This was done by providing a 

horseshoe magnet with pole pieces pierced by a 0. 75-in. hole. This allowed 

radiation to go through one pole piece, cross the gap in a direction paral le l 

to the magnetic field, and emerge through the hole in the other pole piece. 

The field in the gap of this magnet was 1700 oersted and the calculated 
- l O 

effect was about 5X 10 . Along this longitudinal path, the magnetic 

field in the gap was in the direction of propagation of the gamma photons but 

was oppositely directed outside the magnet. Hence the line integral of the 

field along the path was zero. To allow for the possibility of a directional 

effect, the experiment was also repeated with the source placed in the 

field-free region inside the hole in the pole tip. The effect calculated from 
- 1 1 

Eq. (1) in this case was 5 X 10 

The data obtained from the velocity spectrometer were 

analyzed by a least-squares program. The principal source of e r ro r in 

the measurement was from counting s tat is t ics . This e r r o r was doubled 

to allow for systematic e r ro rs such as temperature fluctuations within the 

instrument. The results are shown in Table II below. It is clear there 

is no effect of a magnitude comparable to the one expected from Eq. (1). 

This is not at all surprising. The interpretation of the evidence support­

ing Eq. (1) has been seriously questioned by several authors, one of whom 

W. H. McCrea, Phil. Mag. ^ , 1010 (1954); F . M. Burbidge and G. R. 
Burbidge, Phil. Mag. 45^ 1019(1954); D. ter Haar, Phil . Mag. ^ , 
1023(1954); L. Heifer, Phys. Rev. 96, 224L(1954). 
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TABLE II. Summary of results. 

ed T , /-.IJ \M J t, . I ^v \ Effect calculat 
Type of field Measured effect I 

\ » from Eq. (1) 

- 1 5 -» 
Transverse ( 2 ± 4 ) X 1 0 - 5 X 1 0 

- I S - 1 0 
Longitudinal ( 1 ± 5 ) X 1 0 - 5 X 1 0 

, / B . fs = 0̂  
- 1 5 - 1 1 

Longitudinal (1 ± 4)X 10 -5X 10 

; j" B" • (Ts * 0 

suggested that such an effect might be present but that K should be only a 
7 

thousandth of the value given above. It is clear that we have not observed 

even this diminished effect. It must also be made clear that our measure­

ment does not really constitute a test of Eq. (1) anyway since this 

experiment used static magnetic fields which do not contain photons. On 

the other hand, to our knowledge there have been no previous measurements 

in which the influence of magnetic fields on the frequency of photons has 

been tested to such accuracy. Our results can stand on this ground alone, 

without reference to any theoretical expectation. The experiment could 

be repeated with at least 10-fold greater accuracy by using techniques 

developed for measuring the gravitational red shift. Further increase in 

accuracy could be obtained by the use of electromagnets which can produce 

considerably stronger magnetic fields. We are indebted to Dr. M. R. 

Perlow for preparing the enriched absorber. 

r 
M. A. Melvin, Phys. Rev. 98, 884(1955). 
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1 - 2 2 - 1 7 Scattering of Charged Particles (51210-01) 

J. L. Yntema 

I. INTRODUCTION 

Angular distributions and absolute cross sections have been 

measured for the triton groups observed in the (d, t) reaction on enriched 

metallic targets of Ti*^ Ti47, Ti^s, Ti^s, and Ti^" at a deuteron energy 

of 21.4 MeV. The results are compared with pickup reactions on other 

targets in this region of the periodic table and with the results from (d, p) 

and (d, d) reactions on the titanium isotopes. 

II. EXPERIMENTAL PROCEDURE 

The experiment was performed with the 21. 4-MeV deuteron 

beam of the 60-in. cyclotron bombarding targets in the Argonne 60-in. scat-

1 

tering chamber. The experimental techniques have been described else­

where. In the present experiment the detector system was different from 

the one used previously. The Nal crystal which was used as the dE/dx 
o 

detector was placed at a 45 angle in front of the photomultiplier which 

views it through an air light pipe. The improved light collection permitted 

a reduction in the thickness of the crystal without loss of resolution in the 

particle-identification system. The new arrangement permits the use of 

either a Nal crystal or a silicon detector as the E detector and extends the 

energy range of the triton spectra to lower energies. 

The target material was obtained as enriched TiO from 

Oak Ridge National Laboratory. It was reduced by means of the iodide pro­

cess to titanium metal which was subsequently rolled to a thickness of 
2 

approximately 1 mg/cm . 

1 

J. L. Yntema and H. W. Ostrander, Nuclear Instr. and Methods (to be 
published). 
2 

This work was done at Battelle Memorial Institute, Columbus, Ohio. 



22-17 13 

Since a poss ib i l i ty of ca l c ium contamination was introduced 

in the reduction p r o c e s s , both the spectrum and the angular distribution 

of the C««''(d, t )Ca'* react ion were m e a s u r e d in order to check on this 

poss ib i l i ty . F u r t h e r m o r e , it is poss ib le that some Ta may have diffused 

from the Ta c o r e wire on which the Ti meta l was deposi ted. However in 

the present exper iment the effects of Ta impuri t ies were found to be c o m ­

plete ly negl ig ib le , if present at al l . 

The energy cal ibrat ion was obtained from the range-energy 

relation as wel l as from the Q values of known react ions . In general , the 

cal ibrat ion is accurate to about 100 keV over the entire range. The re la ­

tive c r o s s sec t ions are re l iable within the s ta t i s t i ca l e r r o r s except for 

those peaks where an appreciable contribution from other i sotopes of Ti 

had to be subtracted. The absolute c r o s s sect ions of the main peaks are 

rel iable within l e s s than 10%. 
o o 

Energy spectra were obtained in 3 intervals from 12 to 

36 . This angular range is sufficient to identify 1 = 1 , 1 = 2 , and / = 3 

trans i t ions . 

III. EXPERIMENTAL RESULTS 

The resu l t s are tabulated in Table 111. The table g ives the 

e n e r g i e s of the groups with e i ther f = 3 or f = 1 trans i t ions , together with 

o 

their absolute differential c r o s s sec t ions m e a s u r e d at 21 for f = 3 trans i ­

tions and at 27 (the approximate location of the second maximum) for 

t - I t rans i t ions . The last column l i s t s the number of f.̂ .- neutrons in­

volved in the t rans i t ions . This number was obtained by a s suming that 

the combined c r o s s sec t ions for the two f = 3 transi t ions observed in 

T i " correspond to 7. 2 iy,- neutrons. This value was chosen as a 

reasonable e s t imate of the number of par t i c l e s when account was taken of 

the admixture of 2p neutrons and the probability that some of the c r o s s 

sec t ions would proceed to the higher i s o b a r i c - s p i n s ta tes which could 

3 
J. B . French and M . M. Macfarlane, Nuclear P h y s . 26, 1 6 8 ( 1 9 6 1 ) . 
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T A B L E III. C r o s s sec t ions for s t r o n g g r o u p s . 

T i45 

T i 4 6 

T i4 9 

0 

0.37 ' 

1. 74 

3. 1 

0.88 

2. 07 

3. 30 

3.94 

4.40 

5. 84 

0. 16 

1.6 

2.47 

0 

0.98 

2.33 

3.30 

4. 60") 

4.90 ^ 

5.60 

6. 20 

0 

1.45 

2. 52 

2. 58 

1.42 

0.95 

1.25 

0. 17 

1.94 

0.85 

0.60 

3.32 

2.08 

0.44 

1. 20 

0. 85 

3. 27 

1.85 

0, 72 

0. 81 

5.91 

4. 26 

0 . 4 7 

da-/da. do-/do> N u m b e r of 
F i n a l nuc leus E x c . ene rgy a t 21° c m . a t 27° c m . p a r t i c l e s 

1.83 

1 . 08 

0 . 6 7 

0. 89 

0. 12 

1 . 38 

0 . 6 0 

0 . 4 3 

T i47 0 .16 3 . 3 2 2 . 2 6 

0 . 3 9 

1.48 

Ti48 0 0 . 4 4 0 . 3 1 

0. 85 

0 . 6 0 

2 . 3 2 

1.31 

0. 51 

0. 58 

4 . 20 

3. 02 
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not be o b s e r v e d in the present exper iment . The normal izat ion p r o c e s s 

used does not take account of the dependence of reduced width on Q, nor 

does it take account of var iat ions of the opt ica l -mode l potentials between 

i s o t o p e s . P r e l i m i n a r y resu l t s on the e las t i c deuteron scatter ing indicate 

that there are d i f ferences between the diffraction patterns for different 

i so topes and that these show a systennatic trend with neutron e x c e s s and 

a r e not explained by a change in the interaction radius. The number of 

par t i c l e s given in Tabic III should, therefore , be treated as a rather 

tentative quantity. 

The spectrum at 21 

lab is shown in F ig . 5. The strong 

peaks to the ground state and to the 

s tates near 2. 5 MeV have an ( = 3 

angular distribution, while the 

group proceeding to s tates near 

1. 5 MeV has an f = i angular d i s ­

tribution. Since Ti^" has 28 

neutrons, the ground-state con­

figuration is expected to be mainly 

a c l o s e d f., neutron she l l . F r o m 

the p r e s e n c e of the 1 = 1 t rans i ­

tion to s tates near 1. 5 MeV, it 

fol lows that there is some 2p neu­

tron admixture in the ground state . 

A s i m i l a r admixture of 2p protons 

in the ground-state wave function, 

which should have a c l o s e d If, 

proton shel l , has been observed in 

A. The Ti^''(d, t)Ti'>» Reaction 

500 

4 3 2 1 
EXCITATION ENERGY (Mev) 

Fig . 5. The spectrum of 
Ti'5<'(d. t)Ti«» at 21° lab. The 
spectrum has been c o r r e c t e d 
for the contributions from the 
T i * ' and Ti*" contained in the 
Ti""'" target. 
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the Ni58(d, He3)Co57 r e a c t i o n . However , s t r o n g t = 1 t r a n s i t i o n s 

have not been o b s e r v e d in o ther nuc le i with 28 n e u t r o n s . 

The neu t ron g r o u n d - s t a t e con f igu ra t i on of Ti49 is e x p e c t e d 

to be main ly ( I f ^ ^ ^ ) " . Thus if one a s s u m e s that the n e u t r o n s and p r o t o n s 

do not i n t e r ac t , or a l t e r n a t i v e l y that the n e u t r o n - p r o t o n e igenfunc t ions 

for p a r t i c l e s in the If ^^^ sheU have weU-de f ined s e n i o r i t y , the 

Ti5»(d t)Ti4S and Ti4'5(d, p)Ti4a r e a c t i o n should p r o c e e d only to the g round 

s ta te of T i* ' ' . On the b a s i s of this a s s u m p t i o n , Schiffer _et a l . , in t h e i r 

(d, p) e x p e r i m e n t on n a t u r a l t i t an ium, ident i f ied the f = 3 t r a n s i t i o n o b ­

s e r v e d at 2. 5 MeV in the g r o s s - s t r u c t u r e s p e c t r u m a s the fg^^, s i n g l e -

p a r t i c l e s t a t e . If this a s s i g n m e n t w e r e c o r r e c t , Ti^o would con t a in a v e r y 

l a rge admix tu re of If^ neu t rons in i ts g r o u n d - s t a t e c o n f i g u r a t i o n . Such 

an a d m i x t u r e would appea r to be unl ikely in v iew of the r e l a t i v e l y s m a l l 

a d m i x t u r e s of If ,_ neu t rons in t a r g e t s with 30 and 32 n e u t r o n s . F u r t h e r ­

m o r e , the fact that the ra t io of the in t ens i ty of the 2. 5-MeV t r a n s i t i o n to 

that of the g r o u n d - s t a t e t r a n s i t i o n a r e the s a m e in TiSOjd^ t )Ti** and in 

Ti4S(d, p)Ti'*^ s t rongly ind ica tes that the 2. 5-MeV t r a n s i t i o n invo lves the 

t r a n s f e r of a Ify ,„ neu t ron . This i n d i c a t e s that only about 58% of the 

g round- s t a t e eigenfunction has s e n i o r i t y 1 and that the r e m a i n i n g 42% is 
7 

dis t r ibu ted between the J = — s t a t e s a t about 2. 5 MeV e x c i t a t i o n . S t a t e s 

with nondefinite s en io r i t y have a l r e a d y been u s e d to c a l c u l a t e some 

J . L. Yntema, T. H. Bra id , B. Z e i d m a n , and H. W. B r o e k , P r o c e e d -
ings of the Ruther ford Jub i lee I n t e r n a t i o n a l C o n f e r e n c e , M a n c h e s t e r , 1961, 
edited by J. B. B i r k s (Heywood and Co. L t d . , London, 1961), p. 521. 
5 

B. Zeldman, J . L. Yntema, and B . J . R a z , P h y s . Rev 120 1723 
(1960). ' 
s 

M. H. Macfa r l ane , B . J . Raz , J . L. Yn tema , and B . Z e i d m a n , P h y s . 
Rev. (to be pubUshed) . 
7 

C. D. Goodman, J . B . BaU, a n d C . B . F u l m e r , P h y s . R e v . (to be 
publ ished) . 
8 

A. G. Bla i r and H. E. Wegner (to be p u b l i s h e d ) . 

J . P . Schiffer, L. L. Lee , J r . , and B . Z e i d m a n , P h y s . R e v . 115 
427(1959) . ' 
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propert ies of nuclei in the iiyi2 •hel l . Lawson and Zeidman have 

found that the eigenfunctions used in reference 10 can also explain the 

transition strengths obtained in the (d,t) experiment. Similar effects 

have been observed in other nuclei with 28 neutrons. In the Fe '*(He3,o)Fe53 
8 

react ion, three peaks with i = 3 angular distributions were observed. 

A number of states in Ti** have been observed in the 

Ti*8(d,p)Ti*» reaction in the region in which the i = 1 transition is 

observed in the Ti50(d,t)Ti«» reaction. In their Ti*8(d, p)Ti*» experiment, 
12 

Rietjens et al_. observed strong I - 1 transitions to states at 1.38 cuid 
3 - 1 — 

1.72 MeV. The spins of these states have been shown to be -j and-^ , 
13 

respectively. The resolution in the present experiment is not good 

enough to separate these two s ta tes . However, the intensity of excitation 

of the 1.72-MeV state is estimated to be less than 30% of the intensity of 
3 -

the transit ion to the ^ s tate . 
It is possible to obtain an estimate of the admixture of 

s 
p- shell part icles if one uses the approach of Macfarlane et aL This 
indicates that the admixture of 2p neutrons is approximately 0.4 ± 0.2 
par t ic les . 

B. The Ti*9(d,t)Ti«a Reaction 

The spectrum from the Ti4S(d,t)Ti4S reaction at 21 lab is 

shown in Fig. 6. The angular distributions of all groups show the typical 

behavior of / = 3 t rans i t ions . Transit ions to the ground state and to the 

2 and 4 states a re observed. The transition to the group near 3, 3 MeV 

excitation occurs at a Q value of - 5 . 3 MeV while the ground-state Q value 

R. D. Lawson, Phys. Rev. IZ4^, 1500 (1961). 

1 1 

R. D. Lawson and B. Zeidman (to be published). 
12 

L. H. Rietjens, O. M. Bilaniuk, and M. H. Macfarlane, Phys. Rev. 
120, 527 (1960). 

J . F . Vcrv ie r , Nuclear Phys. Zb^, 10 (1961); O. Hansen, Nuclear 
Phys . 251^, 140 (1961). 
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Fig. 7. The spectrum of 
Ti48(d, t)Ti4'^ at 21° lab. 

Fig. 6. The spectrum of 
Ti49(d, t)Ti48 at 21° lab. The 
spectrum has been corrected 
for the contributions from the 
TisO and Ti48 contained in the 
Ti49 target. 

for the Ti4 (d, t)Ti4^ reaction is 

-5.36 MeV. While the 6 state in 
14 

Ti48 has been found at 3. 34 MeV, 

it is not at all clear that the 

3.3-MeV group involves transitions 

to this state only. 

C. Ti48(d, t)Ti47 

The spectrum obtained at 21 lab is shown in Fig. 7. The 

transition to the ground state of Ti4 7 is considerably weaker than the 

transition to the 160-keV Ievel,if it is present at all. The ground-state 

spin of Ti47 is - and if the neutron configuration of this state is 
- 3 

{iy/^) one would not expect to observe the ground-state transit ion. The 

group leading to states near 2. 4 MeV has an ^ = 3 angular distribution. 

K. Way^ ta l . , Nuclear Data Sheets, National Academy of Sciences 
National Research Council, 1959 (U. S. Government Printing Office 
Washington, D.C.) . 
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Fig . 8. Angular distributions for -Q | 0 
the Ti*''(d. t)Ti*'' react ion. > 
Curves f and g are the angular -Q 
distr ibutions (in the laboratory 
s y s t e m ) of the transi t ions to the 
0. 16- and 2. 4-MeV s tates of 
Ti*''. The c r o s s e s represent the 
angular distribution of the 1 . 8 - -
MeV group. Curve a is the I Q T 
angular distribution from the por­
tion from 1.5 to 1.6 MeV in the 
1 .8 -MeV group, curve b is the 
portion from 1.6 to 1.7 MeV, 
curve c from 1, 7 to 1.8 MeV, and 
curve d from 1, 8 to about 1. 9 
MeV. Curve k is the angular d i s ­
tribution of the Ca*0(d, t)Ca">'' 
ground-state transi t ion. Curve 
e is a sec t ion of the 2. 4-MeV 
group. 

T T 

Trans i t ions to this state were not observed by Rietjens <-t al. in their 

Ti**(d. p)Ti*'' exper iment . However, an f = 3 transit ion in this energy 

region would have been comple te ly masked by contributions from the 

T i * ' ( d , p)Ti*9 react ion. The peak near 1.8 MeV shows a shoulder near 

1.6 MeV. In the Ti*^(d, p)Ti*^ reaction, strong i r 1 groups were ob­

s e r v e d to s ta tes at t . 56 and 1. 80 MeV. In the present experiment the 

peak shape of the 1 .8 -MeV group changes with angle . Therefore various 

port ions of the peaks were analyzed 

separate ly . The result ing angular 

distr ibutions are shown in F ig . 8. 

Curves a and b involve the low-

energy end of the 1 .8 -MeV group 

and show the typical t = I behavior. 

Curves c and d are the curves de­

rived from the h igh-energy end of 

the spectrum, while curve e is part 

of the 2. 4-MeV group. Curves f 

T.^^d.t)!.'^^ 

1 . . L 
10° 20° 30° 40° 

B, ab 
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and g a r e the angu la r d i s t r i bu t ions f rom the t r a n s i t i o n s to the 0. 16- and 

2 .4 -MeV groups , r e s p e c t i v e l y . It is s e e n that t h e s e l a t t e r c u r v e s have 

s i m i l a r angu la r d i s t r i b u t i o n s . This d i s t r i b u t i o n is c h a r a c t e r i s t i c of 

i = 3 t r ans i t i ons in this reg ion . C u r v e s c and d a r e def in i t e ly d i f f e r en t . 

In o r d e r to e s tabUsh the angu la r d i s t r i b u t i o n for i = 2, the Ca40(d, t )Ca39 

g r o u n d - s t a t e r eac t ion was used . It i s shown in c u r v e k. F r o m this i t 

follows that the t r a n s i t i o n to about 1.6 MeV is f = 1 and the one to the 

1. 8-MeV s ta te has an i = Z angu la r d i s t r i b u t i o n . It is c l e a r tha t a w e a k 

a d m i x t u r e of i = 1 in the 1. 8-MeV s ta te cannot be e x c l u d e d on the b a s i s of 

the p r e s e n t da ta . F r o m the e x p e r i m e n t a l da ta the a d m i x t u r e of 2p n e u t r o n s 

in the g round- s t a t e conf igurat ion of Ti48 is e s t i m a t e d to be a p p r o x i m a t e l y 

half of the 2p neu t ron a d m i x t u r e in Ti^" . 

D. Ti47(d, t)Ti46 

The s p e c t r u m is shown in F i g . 9. As is to be e x p e c t e d 

from the spins of the ground s t a t e s , t he re is no ev idence for the g r o u n d -

s ta te t r a n s i t i o n . The t r a n s i t i o n s to 

the 2 and the 4 s t a t e s of Ti4S a r e 

quite s t r o n g . The t r a n s i t i o n to the 

2 . 9 6 - M e V s t a t e i s , h o w e v e r , v e r y 

weak if p r e s e n t a t a l l . The d e t e r ­

m i n a t i o n of the c r o s s s e c t i o n of the 

t r a n s i t i o n to th is s t a t e is m a d e 

difficult by the Ti4 8(d, t)Ti4-7 t r a n s i ­

t ion to the 160-keV s t a t e . S u b t r a c t i o n 

of the Ti48 c o n t r i b u t i o n v i r t u a l l y 

e l i m i n a t e s the 2 . 9 6 - M e V c o n t r i b u ­

t ion. A s t r o n g group is o b s e r v e d 

with an e x c i t a t i o n e n e r g y of about 

3. 9 MeV. The Q va lue for th is g roup 

is a p p r o x i m a t e l y - 6 . 5 MeV, whi le 

100-

" 6 4 2 
EXCITATION ENERGY (Mev) 

Fig . 9. The s p e c t r u m of the 
Ti47(d, t)Ti46 r eac t ion at 21° 
lab . The s p e c t r u m has been 
c o r r e c t e d for the contributionE 
from the Ti46 and Ti48 con­
tained in the Ti4'7 t a rge t . 
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the Q value for the ground-state transit ion of Ti*"(d, t )r i* ' i.s -6 . 9 MeV. 

It appears to be a general rule in this region of the periodic table that 

the (d. t) group with the larges t c r o s s sect ion from targets with odd neu­

tron number has a Q value a few hundred ki lovolts higher than the Q value 

for the ground-state transi t ion of the final e v e n - e v e n nucleus . 

E. Ti*a(d. t )T i« ' 

The spectrum at 21 

lab is shown in Fig . 10. Here again 

there are two strong I - i t rans i ­

tions separated by about 2 MeV. 

The group near 3 MeV excitat ion 

could be due to Ca contamination. 

F r o m the angular distribution, how­

ever . It appears that this is an { = 3 

transit ion and that it should there ­

fore be a s s i g n e d to Ti*^. There is 

a poss ib i l i ty that an ( = 2 admixture 

is present in the transit ion to a 

state at about 300 keV exci tat ion. 

No groups with an ( : 1 angular d i s ­

tribution have been observed . 

IV. CONCLUSIONS 

100-

—T 1 T -

4 t 4B 
Tl (d , t )T I 

Kl 

-J L. 
3 2 1 0 

EXCITATION ENERGY (Mtv) 

Fig . 10. The spectrum of the 
Ti*^(d, t)Ti*5 reaction at 21 
lab. The spectrum has been 
c o r r e c t e d for the contributions 
from the Ti*'' and Ti*8 con­
tained in the Ti*" target. 

P r e v i o u s e x p e r i ­

ments on targets in the l f - 2 p shel l 

have been interpreted mainly through 

the use of sum rules in order to obtain information on the neutron con­

figuration of the ground s ta te s . In the- prrscnt experiment one may e x ­

pect that a more detai led interpretation will be feas ib le . There are s o m e 

not iceable s inni larit ies in the results on the titanium i sotopes of odd m a s s . 
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Both show the expec ted l a r g e n u m b e r of p e a k s . On the a s s u m p t i o n that 

the 2 .96 -MeV s ta te in Ti48 is the 6"̂  s t a t e , it is a p p a r e n t that the t r a n s i ­

tion p r o b a b i l i t i e s to the z \ 4 ^ and 6^ s t a t e s in Ti43 a r e v e r y d i f f e ren t 

f rom those in Ti4S — at l e a s t if the s t r o n g p e a k n e a r 3. 4 MeV in Ti48 

w e r e to be identif ied with the 6+ s ta te at 3. 34 MeV, Some d i f f e r ence in 

the r a t i o s might be expec ted b e c a u s e of the g r o u n d - s t a t e sp in of T i * ^ . 

It a p p e a r s m o r e l ikely that the s t r o n g peak in Ti48 is due to m o r e than one 

s ta te , the 6^ s ta te making only a r e l a t i v e l y s m a l l c o n t r i b u t i o n . In bo th 

s p e c t r a the s t r o n g e s t group has a Q value which is a p p r o x i m a t e l y the s a m e 

as the Q value for the g r o u n d - s t a t e (d, t) r e a c t i o n on the final n u c l e u s . 

S imi la r s t rong groups have been o b s e r v e d in o the r o d d - n e u t r o n t a r g e t s in 

this reg ion of the pe r iod i c t ab le . 

Each of the t h r e e e v e n - e v e n t a r g e t s showed two s t r o n g 1=2, 

t r ans i t i ons s e p a r a t e d by about 2 MeV. In the c a s e of Ti4S and T i ^ " it 

had been an t i c ipa ted that n e a r l y the e n t i r e s t r e n g t h of the i-j-i^ p i ckup 

would be found in the g r o u n d - s t a t e t r a n s i t i o n s . While c o r e e x c i t a t i o n had 

been o b s e r v e d e a r l i e r in nucle i with 28 and 30 p r o t o n s , it had not b e e n 

o b s e r v e d in the ca se of 26 p a r t i c l e s . Since an S. = Z t r a n s i t i o n is o b s e r v e d 

in the Ti48(d^ t)Ti4"^ r e a c t i o n to a f a i r ly low- ly ing s t a t e and s ince t h e r e 

is a s t rong susp ic ion for the p r e s e n c e of an i = 2 t r a n s i t i o n c l o s e to the 

g r o u n d - s t a t e t r a n s i t i o n in the Ti4^(d, t)Ti4S r e a c t i o n , it i s p l a u s i b l e that 

ca lcu la t ions a s s u m i n g an ine r t c o r e of Ca*" and an a c t i v e (li.,, ) c o n ­

f igurat ion will y ie ld only a p p r o x i m a t e a g r e e m e n t wi th the e x p e r i m e n t a l 

r e s u l t s . 
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1-30-1 Calculat ion of Reduced Widths from Resonant Scattering of 
Protons by a Diffuse Potential (51210-01) 

J. P . Schiffer 

1 
The opt i ca l -mode l code ABACUS has been used on the 

IBM-704 computer to ca lculate the scat ter ing of protons by a real wel l 

with a diffuse sur face . By use of the Saxon-Woods shape with the accepted 
1/3 

values ol radius and d i f fuseness (R = RyA ' , where Rg = 1. 25 fermi; and 

a = 0. 55 fermi) which were obtained from numerous e las t i c scat ter ing 

e x p e r i m e n t s at higher e n e r g i e s , it was found that the scat ter ing r e s o n -

ances were appreciably narrower than the s ing l e -par t i c l e e s t i m a t e s ca l ­

culated from the conventional R-nnatrix formal i sm which g ives 

2k 2k ( I _ R 1 \ 
r ^ \ Z MR j . . . , . . . , ( i ) 

These sca t ter ing re sonances are then an improved es t imate of the s i n g l e -

part i c l e width and can be used to give va lues of d^ , the fraction of the 

s i n g l e - p a r t i c l e width of a l eve l . 

The calculat ion has been applied to obtain a reduced width 

of the d_ resonance found in the scat ter ing of protons from carbon at 
I .3 

I. 75 MeV. This resonance was found to have a width of 61 keV, which 

is 0. 21 t i m e s the Wigner-Te ichmann l imit ca lculated from Eq. (1) for a 

The ABACUS o p t i c a l - m o d e l code has been developed by D r s . E. 
Auerbach and C. Por ter of the Brookhaven National Laboratory. 

T. Te ichmann and E. P. Wigner, P h y s . Rev. £ 7 , 123 (1952). 

H. L. Jackson and A. Galonsky, P h y s . Rev. 89. 3 7 1 ( 1 9 5 2 ) . 
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r a d i u s of 1 . 4 5 ( 1 2 ^ 3 + 1) f e r m i . In the d i f f u s e - s u r f a c e o p t i c a l - m o d e l 

ca lcula t ion , the wel l depth was ad jus ted so tha t the d^^^ l e v e l would 

occur at v a r i o u s e n e r g i e s of the inc ident p r o t o n . Th i s g r a p h of T v s E ^ 

is shown in F i g . 11. In te rpo la t ing at 1. 75 MeV, one f inds that the d^^^ 

s c a t t e r i n g r e s o n a n c e has a width of 57 keV. It t h e r e f o r e s e e m s that 

e ^ X i for this s t a t e so that it h a s 
P 

the full s i n g l e - p a r t i c l e wid th . Thus 

it is a v e r y good s i n g l e - p a r t i c l e 

s t a t e , a s is e x p e c t e d f r o m the s h e l l 

m o d e l . 

F u r t h e r c a l c u l a t i o n s 

i nves t i ga t i ng the s e n s i t i v i t y of t h e s e 

widths to cho ice of r a d i u s and dif­

f u s e n e s s a r e in p r o g r e s s . R e a n a l y -

s i s of e l a s t i c s c a t t e r i n g r e s o n a n c e s 

in some o t h e r nuc l e i is p l a n n e d . It 

is a lways p o s s i b l e to choose a 

r a d i u s for which the width for the 

W i g n e r - T e i c h m a n n e s t i m a t e wi l l 

be the s a m e a s the one ob ta ined 

f rom a diffuse p o t e n t i a l . P r e l i m i n ­

a r y t r i a l s ind ica te that th i s r a d i u s 

wi l l be a funct ion of e n e r g y , t a r g e t 

n u c l e u s , and a n g u l a r m o m e n t u m 
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Fig . 11. P lo t of the ca l cu la t ed 
width r of a d p ro ton 
s i n g l e - p a r t i c l e s ta te in 0^2 as 
a function of p ro ton e n e r g y . 
The upper curve is f rom the 
R - m a t r i x f o r m a l i s m , the lower 
one f rom a diffuse wel l . The 
c r o s s indica tes the e x p e r i ­
men ta l value found in r e f e r ­
ence 3. 

If one omi t s the - in Eq. (1), as has been done by the o r i g i n a l 
au tho r s and in the compi la t ion of A . M. L a n e , R e v s . M o d e r n P h y s . 32, 
519 (1960), one gets 0J^ = 0. 32, The c o m p i l a t i o n of F . A j z e n b e r g - ' 
Selove and T, L a u r i t s i n , Nuc lea r P h y s . J T , 1 (1959), on the o the r 
hand, u s e s Eq, (1) with the fac tor of | and ge ts the l o w e r va lue of 9 = 
ment ioned in the text , P 
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and that no simple correct ions such as can be made for s-wave neutrons 

seem likely. It is quite clear that the well-established diffuse surface of 

nuclei has a large effect on the magnitude of reduced widths obtained 

from proton widths of nuclear energy levels. 

E. Vogt (private communication). 

1-98-29 Unbound Nuclear Energy Levels in the KeV Region 
(51210-01) 

Carl T. Hibdon 

NEUTRON BACKGROUND DUE TO Ta BACKINGS 

FOR UTHIUM TARGETS 

The background due to neutron scattering from the tanta­

lum backing for lithium targets has been measured at neutron energies 
o 

from 2 to 300 keV for neutrons emitted at an angle of 120 with respect 

to the direction of the proton beam. 

The method consists in measuring 

the unfiltered neutron beam in this 

direction with and without a second 

piece of tantalum attached to the back­

ing of the target and making the appro­

priate t ransmission corrections for 

the scattered neutrons. The second 

piece of tantalum used was an end 

cut out of another cap to ensure a 

snug fit as shown in Fig. 12. Without 

the second piece of tantalum A, Î  

neutron counts are registered. This 

count consists of two groups of 

neutrons: (1) the main group I ĵ  that 

PROTONS 

I^LITHIUM 
^T-END CAP 

D 
Fig. 12. Schematic c ross sec­

tion of the tantalum end-cap, 
showing the lithium layer in­
side. The tantalum layer A is 
of the same thickness (10 mils) 
as the end cap and is removable. 
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comes directly from the lithium layer on the inside of the tantalum end cap, 

and (2) a second group I^ of higher energy neutrons that a re scat tered by the 

tantalum. A second set of measurements, with the extra piece of tantalum 

attached, produces I^ counts instead of I„ because of the additional neutron 

scattering by the extra piece of tantalum. The additional counting rate 

I - IQ is sUghtly less than I^ because of a loss of neutrons in passing through 

the tantalum cap before being scattered by the second piece of tantalum A in 

Fig. 12 and in again traversing the cap after being scat tered. The initial 

passage through the cap attenuates the neutron flux by the small factor 

exp(-No-), where N and cr correspond to the 10-mil tantalum end cap. Sub­

sequently, the scattered neutrons (I - Ig ) to the counter r e -en te r the tantalum 

end cap at an angle of 60 with the normal and hence suffer an additional 

attenuation of exp(-2 No-). Then, if multiple scattering is ignored, the total 

attenuation amounts to exp(- 3No-) and the background count is given by the 

expression 

I^ = (I^ - I„) exp (3 No-). (1) 

Hence, the background fraction is given by 

— =1 ^ — - l i exp(3No-), (2) 

where Î  and I are directly measurable quantities representing the net 

counts after corresponding backgrounds are subtracted. The factor exp (3 No-) 

increases the fraction I^/Ig by about 3-4% for a 10-mil tantalum end cap. 

The results obtained are shown in Fig. 13, where the solid 

curve is drawn through the data for flat detection and the broken line through 

self-detection data. The insert shows the resul ts for flat detection up to 

25 keV on an expanded energy scale. Near 50keV, the point shown by a 

cross was obtained by measurements near the peak of the resonance level of 

F3 at 49. 7 keV. The point shown by a square gives the results obtained 
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by this method after c o r ­

rect ions were nnade for 

the neutron energy 

spread. 

One s e e s 

in F ig . 13 that the back­

ground fract ion is large 

at low e n e r g i e s , but fal ls 

s teep ly with increas ing 

neutron energy to about 

6. 5% at 10 keV. It sub­

sequently d e c r e a s e s 

gradually to about 2. 8% 

at 100 keV, where it b e ­

gins to r i se again and 

reaches a maximum of 

about 6. 3% near 250 keV. 

The resu l t s are c h a r a c t e r ­

ized by a low background 

fract ion where the neutron 

F ig . 13. The relat ive end-cap background 
I /IQ from 2 to 300 keV neutron energy . 
The sol id curve guides the eye for data 
obtained by flat detection and the dashed 
curve for the data obtained by self-
detect ion. The insert shows the data ob­
tained by flat detect ion from 2 to 25 keV 
on an expanded energy s c a l e . 

y ie ld is large , and larger fract ions in regions of low neutron yie ld. 

Points for se l f -de tec t ion were obtained by setting the neutron energy 

at the peaks of known resonances in order to obtain large counting ra te s . 

Once the background fract ion has been m e a s u r e d , it can 

be used for c o r r e c t i o n s in the following way. Since the main group of 

neutrons I , from the lithium target correspond to a c r o s s sect ion IT ^ 

and the group of neutrons I sca t tered by the tantalum correspond to a 

c r o s s sec t ion <T , the transmitted beam I reg i s t ered by the neutron 

counters for a t r a n s m i s s i o n sample having n atoms per cm^ is given 

by the e x p r e s s i o n 
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I = I^ e x p (-no-3^) -t I ^ e x p ( - n o - ^ ) . 

1-98-29 

(3) 

The c r o s s sec t ion o- m e a s u r e d by t r a n s m i s s i o n is the a v e r a g e ove r the 

neu t ron ene rgy d i s t r i bu t ion and is given by 

I = I„ exp ( - n F ) . (4) 

It was noted above that 

T h e r e f o r e , the background flux I^ a t 120 c o n s t i t u t e s the f r a c t i o n I ^ / I Q 

of the total flux at that ang le . This f r a c t i on is ob ta inab le f r o m E q s . (3-5) 
1 

and is given by the e x p r e s s i o n 

I^/Ig = [1 - exp n(o-^ - "F)] / [ 1 - exp n(o- j^ - o-̂ ,)] . (6) 

A r ea sonab l e value of o-̂  can be e s t i m a t e d f r o m c r o s s s e c t i o n c u r v e s . 

By taking the m e a s u r e d value of the c r o s s s e c t i o n to be ' ? , the c o r r e c t e d 

value of 0-.. can be computed f rom the known va lue of I / I p . 

The m o s t i n t e r e s t i n g c o n s e q u e n c e of the e n d - c a p b a c k g r o u n d 

is re f lec ted in the o b s e r v e d value of F n e a r the p e a k s of n a r r o w l e v e l s . 

At these pos i t ions , o-̂  u sua l ly (but not n e c e s s a r i l y a l w a y s ) wi l l be m u c h 

l e s s than o-^ and a c o r r e c t i o n for the e n d - c a p b a c k g r o u n d wi l l i n c r e a s e 

the o b s e r v e d value of F as is shown in Tab le IV. T h i s c o r r e c t i o n is in 

the r ight d i r ec t ion to a id in d e t e r m i n i n g the p e a k he igh t s of r e s o n a n c e s , 

and hence the i r sp ins ; but the magn i tude of th i s c o r r e c t i o n n o r m a l l y is 

s m a l l in c o m p a r i s o n with a c o r r e c t i o n for n e u t r o n e n e r g y s p r e a d . 

S e v e r a l s p e c i a l c a s e s a r e wor thy of m e n t i o n . (1) If 

""a = "^1' -^93. (3-5) show that ' 5^=0-^ . (2) If o-̂  > o-^, a s m a y s o m e -

H. W. Newson, E. G. Bi lpuch, F . P . K a r r i k e r , L. W. Weston , 
J . R. P a t t e r s o n , and C. D. Bowman, Ann. P h y s . 14, 365 (1961) . 
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TABLE IV. Some typical corrections obtained from 
Eq. (6) by use of end-cap background fractions from Fig. 13. The 
corrections are made for some narrow unbound levels of various 
peak heights in F^' . The quantity a^ is the observed value of the 
cross section at the peak of a level and <r the corrected value. 
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times occur in regions far away from resonances, W will exceed <r̂  so 

the corrected value of <r will be less than the observed value. (3) If 

0- < <r , then <r, > 7. This is the case of main interest, discussed 

al>ove. (4) For small peaks, a and <r^ will differ, but their values will 

usually be small . Therefore, the value of o-̂  calculated from Eq. (6) 

will depend on the values of <r and N. This correction is small except 

when <r, is quite different from a^. For wide levels, <r differs 

little from a, except in some special instances where a^ has unusual 

values. Hence the correction will be negligible. It should be noted that 

the observed value "S will be equal to the true value <r ^ near the peak 

of a resonance only if <r ^ = f j . This is true even for an isolated level 

unperturbed by interference from other levels or by contributions from 

their wings. However, for wide levels, the difference between <r and 

a , may be negligible. 

A full report on this topic is to be submitted for publi­

cation to Nuclear Instruments and Methods. 
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II. MASS SPECTROSCOPY 

11-40-10 Fr. igmentat ion of Hydrocarbons (51300-01) 

H. E. Stanton 

1 
In an e a r l i e r report, two types of behavior of the yie lds 

of the var ious ionic fragments from a hydrocarbon under e lectron i m ­

pact were d e s c r i b e d as the energy of the e l ec trons was increased from 

about 200 eV to more than 2 kcV. It was shown that the product of E 

and yield (where E is the e l ec tron energy) increased with the energy 

E — e i ther increas ing approximate ly l inear ly with In E, or e l s e l e v e l ­

ing off to a constant value for the higher va lues of E . Since the two 

types of ions resulted from the original impact of an e lec tron with a 

neutral m o l e c u l e , a m o r e detai led examination of the various modes 

of fragmentat ion s e e m e d indicated. This required a determinat ion of 

the poss ib l e react ions that intermediate ions and radicals would under­

go, and an a s s e s s m e n t of the probabil ity of all the part icular react ions 

involved in the formation of the ion that was finally detec ted . 

According to a theory d e s c r i b e d by Rosenstock , an ionic 

p r e c u r s o r A will produce an ion B , i . e . , 

A* - B^ •̂  C, (1) 

where C denotes the aggregate of all other par t i c l e s (charged or un­

charged) result ing from production of B in the react ion , provided the 

1 
H. E. Stanton and J. E. Monahan, P h y s i c s Div i s ion Summary 

Report A N L - 6 3 7 6 , June 1961, p. 16. 

H. M. Rosens tock , Absolute Rate Theory for Isolated S y s t e m s 
and the Mass Spectra of Po lyatomic M o l e c u l e s , Univers i ty of Utah, 
July 1952. 
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energy balance is favorable. Since both ions result from a single im­

pact of an electron and the parent neutral molecule, enough energy must 

be transferred to the molecule to produce the ion A , i . e . , the energy 

transferred must exceed the appearance potential AP(A ) for that ion. 

The electron must also supply the extra energy 

AH = AP(B"*') - AP(A^) (2) 

in order to make reaction (1) possible. 

If we consider a reaction 

A - B -1- C, (3) 

similar to Eq. (1) but involving only neutral par t ic les , it will proceed as 

indicated provided the heat of formation H (A) for A equals or exceeds the 

combined heats of formation plus any kinetic energy on the right-hand side 

of Eq. (3). If this is not so, the difference must be supplied. Values of 
3 

some of these heats of formation are found in the l i te ra ture , but a com­

plete listing does not appear to be available. 

The heats of formation for Eq. (1) may be derived from 

Eq. (3) by adding the ionization potentials appropriate to the formation of 

the ion, i. e. , 

H^(A"^) = H^(A) + I P ( A ' ^ ) , (4) 

where IP(A ) is the ionization potential for the ion A . Consequently, the 

heat of reaction for Eq. (1) is 

AH^ = H^(B"^) - H^iA'^) + H^(C). (5) 

3 
Field and Franklin, Electron Impact Phenomena (Academic P r e s s , 

Inc. , New York, 1957). 
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The Rosens tock theory pos tu la t e s , now, that 

AH - AH^; (6) 

but the a s s e r t i o n is that if 

AH » AHJ 

then the react ion is unlikely to o c c u r . He argued that if the difference 

exceeded about 10 k c a l / m o l e ( 0 . 4 eV) the probability was neg l ig ib le . 

In order to apply this theory to the five hydrocarbons 

m e a s u r e d in M A - 1 7 , a large number of appearance potent ia ls , i on iza­

tion potent ia l s , and heats of formation were required. In many instances 

they w e r e not ava i lab le , apparently, but could be e s t imated from E q s . 

(2), (4), and (5). This usual ly involved taking Eq. (6) as a true equation 

to c a l c u l a t e , for ins tance , the appearance potential for an ion. Such a p ­

pearance potentials are known as "adiabatic" values s ince they tacit ly 

a s s u m e all react ing components to be in the ground s ta te , whereas m e a ­

sured va lues n e c e s s a r i l y take account of products which are in exc i ted 

s t a t e s . 

In many c a s e s heats of formation were estirra ted from 

heats of combust ion; and in st i l l other c a s e s , usual ly involving ionic pro ­

p e r t i e s , va lues w e r e supplied by crude interpolat ions within the table i t ­

self . Fortunate ly , many of the m o r e exot ic va lues were for fragment 

s p e c i e s that did not enter into the reaction chains in an important way. 

The t h e r m o c h e m i c a l bas i s for understanding the R o s e n ­

stock theory is shown in F i g . 14, which is the energy d iagram of the s a m ­

ple reac t ions 

C e " a ~ C , H , ' + H - C j H , ^ C , H ^ + H (7) 

and 
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C a " e - C a " / + C j H ^ + H. (8) 

E n e r g e t i c a l l y , both s e q u e n c e s of r e a c t i o n s a r e p o s s i b l e for the p r o d u c ­

t ion of ions of m a s s 39 f rom b e n z e n e . 

The l e f t -hand half of the d i a g r a m is for the f i r s t r e a c t i o n 

in s e q u e n c e (7) . The v a r i o u s e n e r g y l e v e l s shown a r e for the fo rma t ion 

of the i n t e r m e d i a t e r a d i c a l s l ead ing to the f o r m a t i o n of C - 1 ^ . T h i s a s ­

s u m e s , of c o u r s e , tha t e v e r y t h i n g is in the g round s t a t e , both e l e c t r o n i ­

ca l l y and v i b r a t i o n a l l y . On the r i g h t - h a n d s ide of the f igure is the c o r ­

r e s p o n d i n g d i a g r a m for r e a c t i o n (8), the d i r e c t f o r m a t i o n of Cj Hg f rom 

the p a r e n t m o l e c u l e C _ H . Ind ica ted l e v e l s below about 200 k c a l / m o l e 

involve t h e r m o c h e m i c a l r e a c t i o n s of n e u t r a l s p e c i e s on ly , w h e r e a s the 

ones above that va lue a l l involve i on i za t i on . 

The s e c o n d r e a c t i o n in s e q u e n c e (7) will take p lace p r o ­

v ided 

AH 5 A H j , (9) 

b e c a u s e of the following c o n s i d e r a t i o n s . It is c l e a r that the a p p e a r a n c e 

po ten t i a l for the f o r m a t i o n of an ion f rom a n e u t r a l m o l e c u l e m u s t in ­

c lude the hea t of r e a c t i o n of the n e u t r a l p a r t i c l e s , the ion iza t ion p o t e n ­

t i a l , and any e n e r g y of a c t i v a t i o n for the f r a g m e n t m q u e s t i o n . If the 

ion f o r m e d is to be a s t a b l e ion, t h e r e can be no c o m p e t i n g r e a c t i o n with 

a l o w e r t h r e s h o l d , s i n c e then the f i r s t r e a c t i o n would n e v e r take p l a c e . 

In the r e a c t i o n 

C a H , ' - C 3 H / + C 3 H ^ , (10) 

the ion C_H_ n^ust have an add i t i ona l amoun t of i n t e r n a l e n e r g y to s u p ­

ply the t h e r m o c h e n n i c a l hea t of r e a c t i o n AH, The level A at 334 k c a l / 

m o l e r e p r e s e n t s the to ta l e n e r g y n e c e s s a r y to fo rm the ion C-H^ + H in 
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the ground state from the standard states of its components. The total 

energy for an ion which can further react as in Eq. (10) is la rger by the 

amount AH (as for level C in Fig. 1 ^ It therefore follows that the energy 

extracted from the bombarding electron to create this highly excited ion 

must exceed the ground-state appearance potential by AH also. Since the 

threshold for the formation of C^ Hg is its appearance potential, if r e ac ­

tion (10) is to be possible, Eq. (9) must hold. Otherwise reaction (8) would 

be controlling and the intermediate ion CgH^ would not appear in this s e ­

quence. In the figure, the level marked B must be at a higher energy than 

the one designated C. If this is not so, the reaction is impossible . 

If Eq. (9) is now assumed to be t rue , the energy driving 

reaction (10) in the forward direction is given by 

H = AH - AH . (11) 

If it is further assumed that classical theory applies, the rate constant is 

- H/kT 
k = Ae , (12) 

where A is a frequency factor, H is given by Eq. (11), k is Boltzmann's 

constant, and T is the temperature . In the following analysis of the frag­

ment distributions, it was assumed that the frequency factor A was the 

same for all fragments from a given molecule, but varied for different 

molecules. 

CALCULATIONS OF THE REACTIONS 

A single saturated-hydrocarbon molecular species C H., 
i 2i 

can give rise to i(i-l-3) different kinds of daughter ions which are singly 

charged, if one considers only the successive extraction of individual 

atoms. Unsaturated compounds will give fewer succeeding ions, of 

course; but even for the simplest hydrocarbon there a re seven distinct 

arrangements including the parent ion. 

i + 2 
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Since any ion, according to this l imited approach, can p r o ­

duce any other ion with e i ther fewer carbons or fewer hydrogens or both, 

the total number of react ions leading from one ion to another with fewer 

atoms will be j [i(i»- 2)) — except for some c o r r e c t i o n s for counting the 

s a m e react ion more than twice and for constra ints introduced by the e n e r ­

g e t i c s of the r e a c t i o n s . Thus a digital computer was used to enumerate 

the poss ib l e react ions and to compute the corresponding values of AH 

AH* , and their d i f f erences AH - A H . 

There are further compl ica t ions which introduce many more 

reac t ions . In react ion (I) it has been taci t ly a s s u m e d that the fragments 

left over and denoted by C have a unique configuration. Such is not the 

c a s e . Conservat ion of par t i c l e s requires that the number of carbon 

a toms in B and C should add up to the number of carbon atoms in A , 

e t c . F o r different va lues of these numbers of a toms in A and B , the 

a toms left over from the formation of B may have a large number of 

pos s ib l e conf igurat ions in from z e r o to s e v e r a l dist inct f ragments , each 

represent ing a separate d is integrat ion reaction with its own set of e n e r g e ­

t i c s . These usual ly differ from those of an alternative mode, but give the 

s a m e ionic product B . 

In the actual ca lcu lat ion , it was a s s u m e d that only a s ing le , 

s i n g l y - c h a r g e d ion was formed in any react ion. It was further a s s u m e d 

that all remaining carbon a toms were aggregated into one neutral frag­

ment , but with differing numbers of attached hydrogens . Any remaining 

hydrogens w e r e a s s u m e d to form neutral fragments H^, unless there was 

an odd number . This last assumpt ion may differ from react ions postulated 

by other inves t iga tors in s o m e i n s t a n c e s . 

Each hydrogen atom left as a free atom changes AH by 
i ' 

51 k c a l / m o l e , w h e r e a s AH remains unchanged. Their di f ference i s , 

t h e r e f o r e , great ly a l tered thereby , and the probabil i ty of the production 

of the ion by the react ion in quest ion is changed by an ordi-r of magnitude. 
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Limits of from -5 kcal/mole to -1-50 kcal /mole were set 

for the quantity AH - AH . The small negative lower limit (which 

should be 0 theoretically) was necessary because several known r e a c ­

tions were eliminated without it. It may represent e r r o r s in the values 

found in the l i terature . For differences greater than 50 kcal /mole , it 

was assumed that the probability was so small that the reaction could 

be neglected. 

Two other items were noted when the results of these ca l ­

culations were compared with known distributions of fragments . Although 

Rosenstock indicated that a reaction was practically unable to proceed if 

AH - AH ^ 10-15 kcal /mole, it was discovered that such a small up­

per limit again eliminated the production of some ions that were known to 

exist. 

The second item was concerned with the production of sa t ­

urated products. As nearly as could be determined, no secondary r e a c ­

tion occurred, even though energetically favorable, if it produced a sa t ­

urated hydrocarbon as either the neutral fragment C or the ionic product 

B in reaction (1). That i s , neither of the reactions 

C ^ H / - C + + C H ^ 

C ^ H / ^ C H ^ + + C 

proceeded, even though they may have been permitted by the energet ics . 

This is a rather bizarre example because of rather obvious geometric ob­

jections, but for other molecules this objection does not apply. For in­

stance, geometric hindrance is not sufficient to prevent the formation of 

CHg from benzene, and one would suppose there would be no important 

hindrance to the formation of CH^ from neopentane or C^H^ from nor­

mal heptane. In some instances, well known and reliable measurements 
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indicate that such react ions are e n e r g e t i c a l l y quite favored; but sti l l 

their comple te e l iminat ion improves the agreement with the e x p e r i m e n ­

tal fragmentat ion pat terns . 

CALCULATION OF THE YIELDS 

Let 

H.. = AH . - AH, . (13) 

for the react ion that produces the jth ion from the ith ion as p r e c u r s o r . 

If N is the concentrat ion of the ith ion, and a , is proportional to the 
1 — ik 

probabil i ty that it is formed from the kth ion, then in the reaction v o l ­

ume the rate of change of concentrat ion of the ith ion is 

dN 1 - 1 
-7-^ = y o., N, - N y a. 
dt . - I , ik k 1 . ^ , 11 

k = 1 J = 1+ 1 •" 

a j N ^ , (14) 

where o. is proportional to the probabil ity that the ith ion will spontan­

eous ly break up to form the jth ion, aĵ  is proportional to the probability 

that it wi l l l eave the react ion zone intact, and m is a suitable upper l imit 

represent ing the s m a l l e s t ion obtainable . 

In a m a s s s p e c t r o m e t e r , the t ime spent in the ion box by 

such an ion may approach 1 0 - ' sec w h e r e a s the time for fragment f o r ­

mation is of the order of 10"* s e c . It, there fore , s e e m s appropriate to 

a s s u m e that the concentrat ions of the var ious fragments are given by the 

set of equations 

1 - I m 

Z » . k \ - N i ( > , ^ I »j,) = 0. (15) 
k = 1 i = j + 1 J 

obtained from E q s . (14) by equating the der iva t ive s to z e r o . It is p r e -
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sumed that the response of the mass spectrometer is proportional to the 

N.. 
1 

The ion intensities Y. a re determined from the m e a s u r e ­

ments, and it is proposed to determine the relationship between the a.̂ ^ 

and the AH such that the N. agree as well as possible with the Y.. 
ik 1 

The results of mass spectrometr ic measurements are not 

ordinarily given in absolute units but a re normalized to one of the f rag­

ment yields, usually the parent ion. One, therefore, is led to assume 

that 
N = constant (16) 

although some other ion may be taken as the standard. For convenience, 

the Y. are also relative, and if the yields are normalized to that of the 
i 

parent ion, then 

Y^= 1 and N^= 1. (17) 

For purposes of reducing the existing data, the general r e ­

lation proposed for a., is 

-a. ,H. 
= e 

Jl 

2 , i 
a.. = e •̂  . (18) 

This brings the number of independent parameters to two: a and a . 

Two cr i ter ia are needed. The two additional res t r ic t ions that have been 

assumed are 

y (N. - Y.) = 0 and f (N. - Y.) = minimum. (19) 
• 1 1 1 . " , 1 1 

1 = 1 1 = 1 

There also are the physical limitations that 
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t^ . a^ > 0. (20) 

The results of the calculations a re shown in Figs. 15-17. 
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by use of initial values of heats of formation etc. as found in the l i te r ­
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RESULTS AND DISCUSSION 

The use of the exponential form in Eq. (12) for unimolecular 

reactions of the class under consideration is a simplifying assumption, as 

is the uniformity of the value of a^ for the fragments of a given molecule. 

In the classical theory, the reactants are assumed to be in thermal equil­

ibrium with the environment so that the temperature T is the temperature 

of the surroundings. For unimolecular reactions the interpretation of T 

is nebulous. One can suppose that it is some measure of the total in ter ­

nal energy (vibrational, rotational, etc.) in the precursor , but this energy 

probably does not have a Maxwellian distribution. Alternatively, one can 

assume T to be the temperature that a bath must have in order that an ion 

with this same internal energy would be in equilibrium with it. There has 

been extensive theoretical investigation of the rate constant k for unimole­

cular reactions, none of the theories giving the exponential form assumed 

in Eq. (12). However, because of its suitability and analytical simplicity, 

it was usea in reducing the data. 
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Figure 15 c o m p a r e s the exper imenta l y ie lds with two s e t s 

of theore t i ca l y ie lds for the fragmentation of benzene . The values of H.. 

which d e t e r m i n e the rate constant for the ith ion reacting to give the ^ h 

ion (as der ived from the va lues of heats of formation, e t c . , given in the 

l i terature) gave the computed values shown by the shaded bars in F i g , 15 

for the eight l a r g e s t peaks . The second se t of va lues (solid bars) was 

computed with va lues of H. der ived from the f i r s t set by arbi trar i ly ad­

justing them to give a bet ter e m p i r i c a l fit. The method se l ec ted for this 

arbi trary adjustment was to alter the appearance potential of a part icular 

ion, and was as arb i trary as the amounts by which these values were 

changed. 

Relat ive to the appearance potentials t h e m s e l v e s (a few 

hundred k c a l / m o l e ) the changes w e r e , genera l ly , quite smal l ( < 10-20 

k c a l / m o l e ) , h o w e v e r . Referr ing again to F i g . 15, the larges t change 

(26 k c a l / m o l e ) was made for the ion of m a s s 63 from benzene , which has 

an appearance potential of 382 k c a l / m o l e . A change of 4 k c a l / m o l e was 

introduced to c o r r e c t the yield at m a s s 52, for which the appearance po ­

tential is 364 k c a l / m o l e . 

One can a s s u m e that these changes are required as a r e ­

sult of e r r o r s in m e a s u r e m e n t of the y i e l d s , in published or der ived 

va lues of the var ious heats of reac t ions , in the appearance potent ials , 

or a combinat ion of t h e s e . One notes from E q s . (5) and (1 3) and from 

the d i s c u s s i o n above that the H.. depend upon four e n e r g i e s , and are the 

d i f f erence of d i f f erences of these quant i t i es . It is not surpr i s ing , t h e r e ­

fore , that e r r o r s in de terminat ion of these heats could accumulate in such 

a way that s o m e of the H.. could be substant ia l ly in e r r o r . The example 
' J" 

above of a change of 26 k c a l / m o l e could quite poss ib ly be spread among 
1 

all four quanti t ies to give an e r r o r of ~ 7 kcal ( < •5- cV) in each . 

The m a s s spec tra of fragments from the othi-r m o l e c u l e s 

studied could be s i m i l a r l y fitted by judic ious adjustment of the H.. within 

the s a m e l imi t s as for benzene . These are shown in F i g s . 16 and 17. 
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The t h e o r y u s e d in th i s a n a l y s i s was an e x t e n s i o n of the 

t h e o r y p r o p o s e d by R o s e n s t o c k , a u g m e n t e d by c l a s s i c a l r e a c t i o n - r a t e 

t h e o r y , and adap ted to a c o m p u t e r . It s e e m s e s s e n t i a l l y to be an a p p l i ­

ca t ion of s i m p l e p r i n c i p l e s of e n e r g y c o n s e r v a t i o n , wi th the r e l a t i o n in 

E q . (12) i n t roduced on an e m p i r i c a l b a s i s . (O the r s i m p l e r f o r m s w e r e 

t r i e d and d i s c a r d e d . ) C o n s e q u e n t l y , the b a s i s of the y ie ld c a l c u l a t i o n s 

m a y have doubtful t h e o r e t i c a l f ounda t ions . 

This q u a s i - e m p i r i c a l " c u r v e f i t t i ng" p r o c e d u r e m a y , h o w ­

e v e r , have app l i ca t ion to e l e c t r o n - i m p a c t p h e n o m e n a . If t h i s t e c h n i q u e 

is found to have w i d e r a p p l i c a t i o n , it m a y s e r v e as a useful tool in i n t e r ­

p r e t i n g a m o l e c u l a r f r a g m e n t a t i o n p a t t e r n to deduce the v a r i o u s q u a n t i t i e s 

involved in a p a r t i c u l a r r e a c t i o n . It m a y p e r m i t the c a l c u l a t i o n of the a p ­

p e a r a n c e po ten t i a l s for unusua l ions p r o d u c e d f rom o t h e r i o n s , for i n ­

s t a n c e , if the a p p e a r a n c e po ten t i a l s of the l a t t e r a r e w e l l known. If the 

a p p e a r a n c e po ten t ia l of an unusua l ion is m e a s u r a b l e , i t s h e a t s of f o r m a ­

tion m a y conce ivab ly be c o m p u t e d by the j u d i c i o u s use of the m a t h e m a t i c a l 

r e l a t i o n s h i p s . 

A c c o r d i n g to the e q u i l i b r i u m t h e o r y of r e a c t i o n r a t e s , the 

coefficient a^ in the a n a l y s i s is equa l to 1 /kT . If kX at r o o m t e m p e r a t u r e 

is 0 .5 k c a l / m o l e , a^ should have a va lue 2 for r e a c t i o n s tha t t ake p l ace 

at that t e m p e r a t u r e . H o w e v e r , the e a r l i e r a s s u m p t i o n tha t T was r e l a t e d 

to the i n t e r n a l mot ion of the p r e c u r s o r ion would i m p l y tha t v a l u e s of kT 

much l a r g e r than 0 .5 k c a l / m o l e would be r e a s o n a b l e . A g a i n , in the c a s e 

of b e n z e n e , kT « 2 .5 k c a l / m o l e , i . e . , T = 1500°K. Th i s d o e s not s e e m 

to be an u n r e a s o n a b l y high v a l u e , s ince the c o n s t a n t a^ r e p r e s e n t s a s o r t 

of a v e r a g e for m o s t of the f r a g m e n t a t i o n r e a c t i o n s of the m o l e c u l e , and 

s ince the l i f e t imes of the r e a c t i n g ions ( m e a s u r e d in m i c r o s e c o n d s ) i m ­

ply high i n t e r n a l e n e r g y . 

Va lues of a^ and a^ , and T for the o the r m o l e c u l e s a n a l y ­

zed a r e se t for th in Tab le V. 



11-40-10 *5 

TABLE V. The values of aj and a., as defined in Eqs . 
(15) and (18) and computed by a l e a s t - s q u a r e s adjustment to 
g ive a "best fit" to the m e a s u r e d m a s s spec trum. The t e m ­
perature T, der ived from a^ by use of E q s . (12) and (18), is 
a l s o included. The constant a depends on the exper imenta l 
a r r a n g e m e n t s and does not appear to be of fundamental s i gn i ­
f i cance . 

Molecule 
( sec - 1 ) ( k c a l / m o l e ) - 1 {°K) 

C j H j 1 .769 1.105 543 

C - H , 

C T H ^ 

C . H . 

0 . 4 7 7 
0 . 5 1 7 

( 0 . 8 0 0 ) 

0. 399 
0. 404 

( 0 . 391) 

4 . 0 1 
( 5 . 2 7 ) 

0 . 332 

0. 315 
(0 . 241) 

0 . 7 2 1 
0 . 7 1 6 

( 0 . 6 1 6 ) 

0 . 4 6 4 

( 0 . 4 9 9 ) 

1810 
1900 

(2490) 

830 
842 

(973) 

1293 
(1200) 

Theoret i ca l s tudies of the rate constant and fragmentation 

of hydrocarbons are being continued in the hope of finding a more r e l i ­

able theore t i ca l foundation. 
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V. THEORETICAL PHYSICS, GENERAL 

V-45-19 Meson-Nucleon Interaction (51151-01) 

K. Tanaka 

In the hypothesis of generalized isospin independence 

(Gil), the contribution of common channels to various two-particle 

states (whose total cross sections are considered) is assumed to be 

equal at sufficiently high energy. The particles are expected to be­

come insensitive to their intrinsic properties at high energy so long as 

the conservation laws are respected. Then it is meaningful to discuss 

the inequalities between total cross sections in terms of the available 

noncommon channels which are possible under the conservation laws. 

Various differences of total cross section were written down on this 

basis. The number of possible final states (noncommon channels) was 

found to be larger when the states had smaller intrinsic quantum num­

bers (baryon number B, strangeness S, and isospin I^). 

In order to find the Regge poles that appear in the 

crossed channel, a description of the KN system that can also be used 

for the NN system and whose crossing relations are transparent is 

presented. 

The results are summarized in Table VI. The contri­

bution of each Regge pole is designated by its letter. For ir-N scatter­

ing, the corresponding contributions of Regge poles to the differences 

of total cross sections can be obtained by charge independence from 

' K. Hilda, M. Soga, andK. Tanaka, Phys. Rev. Letters 8, 187 (1962). 

2 G. F. Chew and S. C. Frautschi, Phys. Rev. Letters 7, 394(1961); 
8, 41 (1962); B. M. Udgaonkar, Phys. Rev. Letters 8, 142(1962). 
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TABLE VI. Comparison of differences of total c ross sect ions . 

C r o s s 

<r(K^p) 

o-(K"p) 

( r (K"p) 

( r (K"n) 

o-(pp) -

o-(pp) -

o-(pp) -

o-(pn) -

s e c t i o n s 

- o-(K"^n) 

- ( r (K"n) 

- (r(K'^p) 

- o-(K'^n) 

cr(pn) 

cr(pn) 

o-(pp) 

o-(pn) 

R e g g e p o l e 

- P 

P 

CO -1- p 

CO - p 

TT - p ' 

TT + p ' 

Q)' + p ' 

co' - p ' 

G i l 

= 0 

>o 
> 0 

> 0 

= 0 

>o 

>° 
>o 

E x p e r i m e n t 

. o" 
>o'̂  

>o'= 

.o'^ 

>o" 

^ V. Cook, D. Keefe, L. T. Kerth, P . G. Murphy, W. A. Wenzel, 
and T. F . Zipf, Phys. Rev. Let ters ]_, 182 (1961). One may obtain 
some hints of the behavior of differences of total cross sections at 
high energies from data around 2 - 4 BeV. 

V. Cook, Bruce Cork, T. F . Hoang, D. Keefe, L. T. Ker th , 
W. A. Wenzel, and T. F . Zipf, Phys . Rev. j_22, 320 (1961). 

G. von Dardel , D. H. F r i s ch , R. Mermod, R. H. Milburn, P . A. 
Piroue", M. V. Vivargent, G. Weber, a n d K . "Winter, Phys . Rev. 
Letters 5_, 333 (I960); E. W. Jenkins, W. F . Baker , R. L. Cool, 
T. F . Kycia, R. H. Phil l ips , and A. L. Read, Bull. Am. Phys . Soc. 
2A, 433 (1961). 

d 
A. Ashmore, G. Cocconi, A. N. Diddens, and A. M. Wetheral l , 

Phys. Rev. Letters 5̂ , 576(1960). 
e 

G. von Dardel , D. H. F r i s ch , R. Mermod, R. H. Milburn, P . A. 
Piroue'', M. V. Vivargent, G. Weber, a n d K . Winter, Phys . Rev. 
Letters 5_, 333 (I960); M. J . Longo, J. A. Helland, W. N. H e s s , 
B. J. Moyer, and V. Perez-Mendez , Phys . Rev. Let ters 3, 568 
(1959); R. Armenteros , C. A. Coombes, B. Cook, G. R. Lamber t son , 
and W. A. Wenzel, Phys. Rev. n_9, 2068 (I960); S. J . Lindenbaum, 
W. A. Love, J. A. Niederer , S. Ozaki, J . J . Russe l l , and L. C. L. 
Yuan, Phys. Rev. Let ters 7, 185 (1961). 
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the relation a(ir"p) - ffi/p) = p. This interpreUtion and the G 11 

interpretation are in agreement. 

In the absence of detailed experimental information 

on the energy dependence of various combinations of total c ross 

sections, the comparison of differences of total cross sections would 

give information on the validity of these possible interpretat ions. It 

appears to be important to see whether or not the present trend of 

the total c ross section (Table VI) pers is ts at higher energies . 

V-47-1 Structure of Elementary Par t ic les (51151-01) 

K. Hiida 

CHARGE STRUCTURE OF THE NUCLEON 

We shall first summarize three useful theorems obtained 

from meson theory, which hold for the electromagnetic form factors of 

the nucleon. 

Theorem I; The toUl charge contributed from th ree-

pion intermediate states is zero , even under the influence of strong 

pion-pion interact ions. 

Theorem II; The Four ier t ransform of f"i„(9^) ^^^ * 

negative value, at least in the outermost region. 
Theorem III; The proton has a charge Z^^e at its 

o r ie in . where Z , is the bare-s ta te probability of the proton and 
o ' 2p 

satisfies the relation 

l > Z 3 p . 0 . 

On the other hand, the neutron cannot have any charge at its origin. 



50 V-47-1 

Using these theorems and more detailed information 

from pseudoscalar meson theory leads to the following. If we omit 

the contribution from three-pion intermediate s t a tes , there is the 

isoscalar charge | e near the origin of the nucleon. The role of 

the three-pion intermediate states is to polarize the vacuum. In 

other words, in the analogy with quantum electrodynamics it appears 

that the positive charge I e near the center of the nucleon a t t rac ts 

the negative charge - 6 e = - a e and repels the positive charge 6 e . 

The role of the three-pion resonance co is to enhance the polarization 

very strongly. For a long time the smallness of the rms radius of 

the neutron was a mystery . Nowadays the mechanism to reduce the 

radius is c lear . Because of the strong vacuum polarization due to 

u, the positive charge a e moves far away from the center of the 
CO 

nucleon and hence ( r^) = ( r^) ; that i s , ( r^) =: 0. 
1 s Iv In 

One may ask whether the bare proton is surrounded 

by positive charge alone or by both positive and negative layers of 

charge. According to theorem III, the proton has the charge Z e 
2p 

at its center. This bare charge is concealed by the clouds con­

tributed from massive intermediate s ta tes , and the negative charge 

cloud caused by the vacuum polarization due to co. Since the vacuum 

polarization is very strong, the bare charge should be concealed 

by the negative charge cloud. Fu r the r , this layer of negative charge 

is surrounded by a layer of positive charge. Our proton model is 

represented schematically in Fig. 18(a). 

The author would like to s t r ess here a method to 

confirm this proton model, namely, that it is sufficient to show 

experimentally that there exists such a q^ that 

F , p ( q = = ) < - i , 
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where the number three comes from 

the fact that we live in three-

dimensional space. The 2-mile 

machine at Stanford may be able 

to confirm the existence of such 

a value of q^. 

The neutron has no 

bare charge at the origin. In the 

innermost region, there is a neg­

ative charge, mainly due to the 

vacuum polarization. The middle 

region is occupied by positive charge 

because the vacuum polarization is 

so strong that the resulting positive 

charge is greater than the negative 

charse caused by p (a > a ). The 
» ' w p 

outer region is occupied by nega­

tive charge. It is easy to show 

that F has a negative sign for 
In 

small values of q^. Our neutron 

model is represented schematically 

in Fig. 18(b). 

Fig. 18. Schematic representa­
tion (a) of our proton model 
and (b) of our neutron model 
both in arbitrary scale. 
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PUBLICATIONS S INCE T H E LAST R E P O R T 

P A P E R S 

E X P E R I M E N T A L ANALOG STUDY O F CONTAINMENT OF DENSE 
PLASMAS IN RESONANT-CAVITY F I E L D S 

A. J . Ha tch and J . W. B u t l e r ( P r o j e c t IV-10) 
J . E l e c t r o n i c s and C o n t r o l j ^ , 8 9 - 1 0 3 ( F e b r u a r y 1962) 

NUCLEAR M O D E L S , T H R E S H O L D S T A T E S AND REARRANGEMENT 

ENERGY 
D . R . Ing l i s ( P r o j e c t V-3) 

N u c l e a r P h y s . 30 , 1-29 (1962) 

G E O M E T R I C A L CONSIDERATIONS IN T H E MEASUREMENT O F THE 
RATIO L/R IN THE SCATTERING O F POLARIZED NUCLEONS 

J . E . Monahan and A. J . Elwyn ( P r o j e c t 1-18) 
Nuclear I n s t r . and Methods \±, 348-350 ( J a n u a r y 1962) 

F L U X QUANTIZATION AND THE CURRENT-CARRYING S T A T E IN A 
S U P E R C O N D U C T I N G CY U N D E R 

H. J . L i p k i n , M . P e s h k i n , and L . J . T a s s i e . . . ( P r o j e c t V-33) 
P h y s . Rev . j_26, 116-117 (Apr i l 1, 1962) 

THE P I O N - P I O N E F F E C T ON LOW-ENERGY PION-NUCLEON SCATTERING 
M. M a r i n a r o and K. T a n a k a ( P r o j e c t V-45) 

Nuovo c i m e n t o 2 2 , 537-546 ( F e b r u a r y 1, 1962) 

FLUORESCENCE ENERGY TRANSFER AND OXYGEN QUENCHING IN 
SOLUTIONS OF DIPHENYLOXAZOLE IN CYCLOHEXANE 

. ,,, • u ( P r o j e c t 1-144) 
A . W e i n r e b ^ •' 

J . C h e m . P h y s . 36 , 890-894 ( F e b r u a r y 15 , 1962) 

A B S T R A C T S 

Washington meet ing of t h e A m e r i c a n P h y s i c a l S o c i e t y , A p r i l 2 3 - 2 6 , 1962. 

(d,He•>) REACTIONS ON F i » AND A127 
T H. B r a i d and B . Z e i d m a n ( P r o j e c t 1-22) 

B u l l . A m . P h y s . S o c . 7 , 300 (Apr i l 2 3 , 1962) 
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Washington meeting of the American Physical Society (cont 'd.) 

MOSSBAUER EFFECT OF FeS^ AS AN IMPURITY IN VARIOUS ALLOYS 
J. Heberle, P . P a r k s , and J . P . Schiffer . . . . (Project 1-19) 

Bull. Am. Phys . Soc. ]_, 350 (April 23, 1962) 

DIRECT OBSERVATION OF RESONANT p-WAVE NEUTRON CAPTURE 
H. E . Jackson (Project 1-7) 

Bull. Am. Phys. Soc. 1_, 289 (April 23, 1962) 

SPUTTERING EXPERIMENTS IN THE RUTHERFORD COLLISION REGION 
M. S. Kaminsky (Project 11-23) 

Bull. Am. Phys. Soc. ]_, 34b (April 23, 1962) 

POLARIZATION AND DIFFERENTIAL CROSS SECTION FOR NEUTRONS 
SCATTERED FROM DEUTERIUM 

R. O. Lane, A. J. Elwyn, and A. Langsdorf, J r . . . (Project 1-18) 
Bull. Am. Phys . Soc. J , 333 (April 23, 1962) 

Smi49 (n,Y)Smi50 AND THE ASSOCIATED ENERGY LEVELS IN Smiso 
R. K. Smither (Project 1-60) 

Bull. Am. Phys. Soc. ]_, 316-317 (April 23, 1962) 

(d,t) REACTIONS ON NUCLEI NEAR N = 28 
B. Zeidman and T. H. Braid (Project 1-22) 

Bull. Am. Phys. Soc. T_, 315 (April 23, 1962) 

ANL TOPICAL REPORT 

THE MEASUREMENT OF ENERGY AND INTENSITY OF GAMMA RAYS 
BY USE OF A SCINTILLATION SPECTROMETER . . . . (Project 1-55) 

R,. T. Julke, J . E . Monahan, S. Raboy, and C. C. Tra i l 
Argonne National Laboratory Topical Report ANL-6499 
(April 1962) 

CO-OP STUDENT REPORT 

TECHNIQUE OF CORRECTING FOR NEUTRON-DETECTOR EFFICIENCY 
D. J . Mueller (Project 1-18) 

Co-op Student Report to Northwestern Universi ty, March 1962 
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ELASTIC AND INELASTIC SCATTERING OF 43-MEV ALPHA 
P.^RTICLES BY Ni^e AND Nieo (Project 1-22) 

H. W. Broek, T. H. Braid, J . L. Yntema, and B. Zeidman 
Phys. Rev. (May 15, 1962) 

HEAVY-PARTICLE STRIPPING AND THE STRUCTURE OF Li« 
D. R. Inglis (Project V-3) 

Phys. Rev. (June 1, 1962) 

RESONANT ABSORPTION OF NEUTRONS BY CRYSTALS 
H. E. Jackson and J. E. Lynn (Project 1-7) 

Phys . Rev. 

SPUTTERING EXPERIMENTS IN THE RUTHERFORD COLLISION 
REGION 

M. S. Kaminsky (Project 11-23) 
Phys. Rev. (May 1962) 

(d,t) REACTION STUDIES ON IRON AND NICKEL . . . . (Project 1-22) 
M. H. Macfarlane, B. J. Raz, J . L. Yntema, and B. Zeidman 

Phys . Rev. (July 1, 1962) 

HIGH-ENERGY GAMMA RAYS FROM Na^* 
J . E. Monahan, S. Raboy, a n d C . C. Trai l . . . (Project 1-55) 

Nuclear Phys. (June 1962) 

ON THE FLUORESCENCE SPECTRUM AND DECAY TIME OF NAPHTHALENE 
A. Weinreb and I. B. Berlman (RPY) (Project I-144) 

Molecular Phys. 

THE ARGONNE 60-IN. SCATTERING CHAMBER 
J . L. Yntema and H. W. Ostrander (CS) (Project 1-22) 

Nuclear Ins t r . and Methods (July 1962) 
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PERSONNEL CHANGES IN THE ANL PHYSICS DIVISION 

NEW MEMBERS OF THE DIVISION 

Technic ian 

M r . John D. Oyler joined the P h y s i c s Divis ion on April 1 1 , 1962, 

as a R e s e a r c h Technic ian Jr . under the supervis ion 

of G. J. P e r l o w . 

DEPARTURE 

D r . Sippanondha Ketudat, Institute Aff i l iate , has been in the Argonne 

P h y s i c s Div i s ion s ince November 4 , I960 . He worked 

with M. T . Burgy and G. R. Ringo on cobalt m i r r o r s 

to polar ize neutrons (Project 1-123) and with S. Raboy 

and C. C. Tra i l on the conservat ion of parity in strong 

interact ions (Project 1-55). He left ANL on April 13 , 

1962 to return to the Department of P h y s i c s , Chulalongkorn 

U n i v e r s i t y , Bangkok, Thailand. 
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