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ABSTRACT 

Total photo-neutron reaction cross section has been experi~ 

mentally determined for Argon and Krypton. The values obtained 

for. the cross sections have been compared with earlier results. 

These results have been discussed on the ba-sis of a few existing 

models specially the Goldhaber and Teller model. Results obtained 

for Krypton have been compared with results reported by the Linac 

group at Stanford using the inelastic electron scattering techniques 

for the excitation of the giant resonance in nuclei. A disagreement 

between theory and experiment that has been reported by Stanford 

group, has been found in this work, to be due to an approximation 

they made. 
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CHAPTER 1 

The present study of (Y, n) reaction in Krypton was undertaken 

as a result of some studies made by Goldenberg et al (1963) of the 

Linac group at Stanford. Lately a substantial amount of theoretical 

and experimental work has been done on photonuclear reactions 

employing the electron scattering methods. This technique has been 

quite successful in investigating the structure of the giant dipole 

resonance in detail. 

The direct interaction of the electromagnetic field of an elec

tron with the nuclear charges and currents is closely related to the 

interaction of the photons with the nucleus. One important difference 

arises from the fact that when a nucleus absorbs the energy of a 

photon, ·the momentum transfer is fixed along the direction of the 

incident photon; whereas in transferring energy to the nucleus by 

inelastic electron scatter, a distribution of momentum transfer is 

obtained. Inelastic scattering of electrons from complex nuclei 

results in excitation of nuclear energy levels and provides a con

venient means of studying the dynamic aspects of nuclear structure. 

Electrons are particularly suited to this purpose, since, in contrast 

to Coulomb excitation by nuclear particles, the interaction of elec

trons with the nucleus is purely electromagnetic even at high primary 

energies. 

Inelastic scattering of electrons by nuclei is always accom

panied by some elastic scattering. Fallieros et al (1960) have shown 
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that it would not be favourable to attempt to detect the giant dipole 

excitation at small angles. They calculate

where F1 is inelastic form factor for arbitrary momentum 

transfer Jc/J. 
t~H:~ 

and F 0 is 1\ elastic form factor. 

Because of the proportionality to F 0 , large angles would also not 

be favourable, but it is interesting to note that even though the abso-

lute value .. of the inelastic cross-section decreases, the ratio of the 

inelastic to the elastic cross-section increases, since /1 increases 

with increasing scatter angle. 

Taking these facts into account the E 1 giant resonance was 

investigated with success amongst others by Goldenberg et al who 

. () 
observed scattered electrons at 180 • At this angle the elastic cross-

section is very small and the radiation tail is minimum. 

We give a brief account of the theory involved. The cross-

section for inelastic electron scattering from the ground state to 

a discrete excited state is given in Born approximation (neglecting 

nuclear recoil and assuming the electron mass energy is small com-

pared to its total energy) by 
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(1) 

where k 1 and k 2 are wave numbers of incident and scattered electron, 

:%.tl is three momentum transfer, given by 
~ ~ ~ ~ ~ 

~ r = ~-k =- ~n-= ~ c "' k~ J 
~ G.J" is the 4-momentum transfer given by 

cv~- ~- ( R-:~.- R 3 ... 
~ ~ 'l. l 

CR,- ~'l.)- C R'l.- R,) 
"l.. '":\.. ~ ~ t.:- 'l. 

::: R \ + R:'2-- 2 R. , . R ~- R. ").- R:, ;- :2. ~ \ R ~ 

and the functions 'I L \. S) and \JTl\9 )depend only on the properties of the 

incident and scattered electrons. The subscripts L and T respec-

tively refer to a decomposition of the matrix elements of the inter-

action into components, parallel and perpendicular to the direction 
~ 

of the momentum transfer vector 6 . 

\j(fd) 
L 



4 

\JL(e)~o 

:l ~R. ,_ s..v.; e ;Jl_R 1 + \\ J ~ ~ R., R .._ G,t %.] 
0 

at 180 : ~,_ = ( R..,_t ~~ ).,_ 

V 'e)-:l..R\R~ r(h l.J 
T'- - ( ~,+ ~,_y L 1"\ ,+ \;t.,_J 

2\\, ~ l. < Ji\\ \"\1 (~ )\\ Jt) and similar matrix elements 

are reduced matrix elements where the projection quantum number 

dependence has been taken out by making use of Wigner Eckart 

theorem. 

~ 
lJ"" ( ~) are the 

:usual magnetic and electric multipole transition operators of order 

J, in the expansion of the electromagnetic field of the electron. The 

final result for the cross- section for excitation of nuclear state by 

electron scattering into;solid angle cl..n_ has· to be written as a sum 

over electric and magnetic multipoles, as is evident from equation (1). 

For spinless target nuclei, putting all these results together one 

obtains for the differential cross-section for the excitation of the 

giant dipole resonance, assuming only E 1 transitions and the valid-

ity of the first Born approximation 
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l. 

(C~o-;-) -=lbn~'"~R:\( J=C\\ 1,-d.lll)\\J=o"~">\ 

where o{ is the fine structure constant. • • • ( 2) 

The incident electron is relativistic so that the incident energy 

been neglected. 

where the rest mass energy of the electron has 

~~ 'l.. 

Also the nuclear recoil energy is seen to be =__A 
-:tAM 

The quantity M is the rna s s of the nucleon; 
2 

MC = 938 MeV. 

Obviously this recoil energy term also can be neglected. 

To calculate the inelastic cross-section one needs to know.the 

reduced transition matrix element (the inelastic form factor) of the 

transverse electric dipole operator. Theoretical calculations have 

to be based on an assumed nuclear model. Goldeenberg et al did their 

calculations for Goldhaber and Teller model and have derived the 

cross-section, amongst others
1
for Krypton. Theoretical calculations 

have also been done by the Stanford group assuming the Brown par-

ticle -hole interaction model for a few light elements. 

The nuclear physics of the problem is entirely contained in the

reduced nuclear transition probabilities. The results from inelastic 

electron scattering yield valuable information about the .&patia

nature of th~ transition charge, current and magnetization densities 

in nuclei. Since the electron part o£ the process is completely cal-

culable, one can directly compare the experimental inelastic form 

factors, which are functions of the momentum transferred to the 
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nucleus, with the predictions of nuclear theory. Different nuclear 

models can give quite different behaviour for these form factors, 

and thus electron scattering provides a unique tool for elucidating 

nuclear structure. 

Krypton: 

abu:p.dance 
There are several high percentage ISotopes in Krypton. Table 

A 

below gives some idea of isotopic abundance and the calculated {Y-'-n) 

threshold for each. 

TABLE I 

Thresholds for the Isotopes of Krypton 

Isotope %Abundance Threshold (MeV) (Y, n) 

Oo 354o/o 11. 9 

2.27 % ll. 5 

ll. 56 o/o 10.98 

ll. 55 o/o 7.46 

56.9 % 10. 51 

17. 36 % 9.76 

The above threshold values have been calculated using the table of 

nuclidic masses from Nuc. Phys. Vol. 18, No. 4, 1960. 

Goldhaber and Teller (1948) were first to emphasize the dipole 

character of the ''giant resonance''· They discuss three different 
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approximations for classical harmonic oscillations of neutrons with 

respect to protons: 

(a) each proton and each neutron oscillates around its equilibrium 

position, like ions in a crystal; 

(b) protons and neutrons oscillate against each other as two 

compressible fluids; 

(c) protons and neutrons oscillate against each other as two 

incompressible fluids. 

The third model seems to give best results,in agreement with the 

experimental findings. 

E the energy for the maximum cross-section is calculated 
m 

-Y. basis of the 
to vary as A ' on the third model, which is in best agreement with 

" 
experiments [ Katz(l-953.}, Halpern 0954}.1 

The integrated cross-section gives exactly the sum rule result for 

ordinary forces, as indeed it should, since the model includes all the 

dipole vibrations and makes no mention of exchange forces. The 

width of the resonance is interpreted as a frictional effect between 

the nucleons. 

Krypton nucleus is heavy enough for its behaviour to be explained 

by the Goldhaber-Teller model. This study is primarily aimed at 

finding out how good an agreement is obtained between the theory and 

the experiment. In Chapter III a discussion of the experimental results 

based on various models is given. 
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CHAPTER 2 

EXPERIMENTAL SET UP 

The gas to be irradiated was held in a cylindrical container 

made of Aluminum. The walls of the cylinder were 3/32" thick. 

The end windows also of Aluminum were made as thin as possible, 

in keeping with the pressure of the gas inside. 

The length of the container was kept at 7 1/2". An experiment 

was done to find out the variation of efficiency of detecting neutrons 

with position along the detector axis. Graph No. 1 shows this vari-

ation along the axis in the number of Counts with distance from the 

centre of the neutron apparatus (Montalbetti, 1953). From the graph 

it is obvious that within a length of about 7 1/211 the efficiency does 

not change by more than 4o/o. 

To get some idea about the thickness of the Aluminum windows 

needed on the ends of the cylinder, use was made of the air compressor 

in the Thermodynamics Laboratory of the Engineering build~ng. Var-

ious thicknesses of the Aluminum foil were tried on a cylinder of one 

inch diameter. The pres sure at which a particular Aluminum foil 

ruptured was recorded. A thickness of 0. 0028" which ruptured at 

about 150 lb. per square inch was felt to give sufficient safety factor 

for holding pressures of 100 lb. per square inch. See Table 2 8 nd 

E1ig. 4. 
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TABLE 2 

RUPTURE PRESSURE VERSUS At. FOIL THICKNESS 

Diameter of the Cylinder = 1" 

Thickness of Aluminum 
foil in ems. 

0.005 

0.007 

0.008 

0.014 

Pressure of 
rupture 

3. 6 atm. 

8. 0 atm. 

10. 0 atm. 

) 12 atm. 

The choice of Aluminum as the material for the container was 

decided at for two reasons. Firstly, Aluminum has a higher thresh-

old for cr, n) reaction and also the cross-section for the same reaction 

is quite low, compared with some other metals. 

The cylindrical container which was of 7 /8" I. D., 3/ 32'' wall 

thickness had 17/8" O.D. with flanged ends 1/4" thick. 1/8" 0-ring 

grooves, 1" I. D. were cut in the end flanges and two pressure covers 

7 /8" I. D., 17 /8" O.D., 1/4" thick were made to hold the Aluminum 

foil against the 0-rings in the end flanges. The covers and flanges 

were held together with six 8-32 allen head screws on each end, sym-

metrically placed on a 7/8 11 circle. The flanges were drilled and tapped 

and the covers were drilled to clear. Fig. 2 shows the Al. container. 

A 22" long, 1/8" 0. D. copper tube was welded in place through 

a hole about half way down the cylinder, giving access for filling and 

emptying the cylinder. The complete experimental set up is shown in 

Figure 3. 
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f . in the The grooves or the O-r1ngsl\end flanges were not made as deep 

as is normally specified. This was done on purpose. The grooves 

were cut such that., about three times the normal compression could 

.be put on the 0-ring seal. The oridnary 0-rings, made of neoprene 

rubber, have a lower working temperature of about-100° F. This 

extra compression on the seal made it work satisfactorily even at 

liquid nitrogen temperatures (Weitzel et al 19i60). Also it was found 

that the same 0-ring could be used over and over again. 

Pressure Gauge: 

The form of gauge used is due to Professor Kammerlingh-Onnes. 

·( A dictionary of applied physics by Glazebrook, Vol. 1, 1922) 

This particular kind of gauge was used because it could give 

the absolute pressure of the gas With an accuracy of about 0. 5%. An 

accurate value of the pressure was needed to know the mass of the 

gas in the container. 

The principle of the gauge is shown in the Fig. 3. A and B are 

mercury manometers of the usual type. The pressure to be measured 

is applied to the right hand tube and it forces the mercury up in the 

left hand column of B. 

Air pressure from a tank is applied at intermediate value of 

about half as much as the total pres sure to be measured. This forces 

column 2 and 3 down. The value of this intermediate pressure is read 
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the differences in heights between columns 1 and 2, columns 3 and 4, 

plus the atmospheric pressure. 

The whole apparatus was put together and is shown in Fig. 3. 

The set up had to be vacuum tight as well as pressure tight. The 

valves used were diaphragm speedivalve 1/4", made by Saunders 

Edwards. These are high vacuum valves and also suited to stand 

pressures up to 200 lbs. per square inch. 

These valves were all connected to brass tubing as shown. The 

coupling between the brass tube and the manometer was made by a 

thick rubber hose which was clamped on both ends. Apparently this 

kind of coupling was strong eneugh to withstand the pres sure inside. 

The whole system was checked for leaks with a Vee co helium detector.·

Transfer of the Kr. gas into the Aluminum container: 

The gas was bought in a pyrex glass container. For the pur-

pose of transferring it into the Aluminum container, the whole as sem~ 

bly line and the container were first evacuated. Then the Aluminum 

container was submerged completely in a Dewar flask full of liquid 

nitrogen. 

Use was made of the fact that Krypton has a higher boiling point 

(120.1°K) as compared with nitrogen which has a boiling point of 

0 
Also the vapor pres sure of Krypton at 80 K i.s only 4 m. m. 
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of mercury (Ruhemann, 1940). 

After breaking the seal of the pyrex glass container, about a 

minute was allowed before the desired volume of the gas was sucked 

in. Valve no. 1 was closed. The Dewar containing the liquid nitrogen

was removed from under the container and the liquefied Krypton was 

allowed to evaporate. The pressure built Up gradually in the whole 

assembly. To avoid the mercury getting out of column no. 2 of the 

manometer; the intermediate pressure was turned on as fast as the 

pressure built upin the rest of the system. After the steady state 

was attained the container was submerged in a water bath at room 

temperature. The temperature and the pres sure were recorded. 

Detecting Apparatus: 

Thermalized neutrons were detected by four BF 3 counters 

symmetrically embedded in a paraffin cylinder. Along the axis of 

the cylinder there is a pipe 1 7 /8" in diameter. The Aluminum con

tainer containing the gas was pushed in this pipe right up to the centre. 

The x-ray beam was collimated by a steel plug 0. 5 em. india

meter and was allowed to strike the sample without hitting any other 

material. To reduce the neutron background in the r'€>-~earch rpom, 

8 1/411 thick iron sheets were placed against the wall between the 

main room and the ,research :room. 
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The whole apparatus was aligned photographically so as to 

make sure that the x-ray beam did not hit anything else except the 

Aluminum container filled with gas. 

The neutron pulses from BF 3 counters were amplified and fed 

into a gating circuit. The gating circuit was triggered by the expander 

pulse and gave a gate of variable length and delay. The pulses were 

sterting 
counted only}\about 20 p.sec. after the beam was gone. The gate was 

opened .. for about 700}J-sec. during each cycle. 

Frequent checks were made on the gate length and the delay. 

Both Jitter and long term drift in the gating circuit were less than 

what could be observed on the oscilloscope. The complete electronic 

system is shown in Figure 5. 

Procedure: 

The procedure for measuring an activation curve is straight-

forward. The background for various integrator settings was initially 

determined with Aluminum cylinder. The Aluminum cylinder was 

evacuated for the purpose. Next the cylinder filled with gas at high 

pressure was inserted and the number of neutrons emitted for a given 

dose was counted as a function of integrator setting. 

The main difficulty involved was poor statistics. Even after 

filling the container at a pressure of 6. 7 atmosphere, the mass of 

the gas in the container was about 1. 9 gms. only. To improve the 

statistics, mass of the gas could not be increased much more because 
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of experimental difficulties involved in measuring the pres sure accur-

ately and also in ma~ing a pressure tight container. Instead the count-

ing time was increased. Counting was done for about half an hour at 

each energy point. With the poor intensity of the beam available for 

the research work, this time was not long enough. With the stronger 

beam, as would be available in the new Linac, perhaps this counting 

time could be reduced. 

Because of the long counting times involved, frequent checks 

were made on the calibration of the machine. It was noticed that the 

machine was extremely stable over a period of one whole run which 

took about 15 hours to complete. Also frequent checks were made on 

the electronic counting system for the stability. A standard neutron 

source was put in the apparatus and counts recorded at frequent inter-

vals. 

For bremsstrahlung energies greater than 18 MeV it was nee-

essary to interrupt the measurements after every 40 minutes to cool 

the betatron. After a cooling period, it was necessary to run the beta-

tron for five to ten minutes before reproducible results were obtained. 

The whole energy range from threshold to 24. 0 MeV was covered 

twice in steps of 0. 5 MeV. When a point seemed to vary from the 

generated curve by more than what could be explained statistically, 

the point was rechecked a couple of times, either to ensure its accur-

acy br to correct it. The average of all the activation points measured 
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at a particular energy was thus taken to be the activation point used 

for the eros s- section analysis. 

The procedure adopted in this work was to normalize the yield 

curves by comparing the reaction yield to that of a standard irradiated

under the same conditions. Doing this, the dose did not have to be 

measured absolutely. It was necessary, however, that the response 

of the monitor as a function of energy be accurately known for the 

calculation of the cross-section curves. All dose measurements have 

been related to the response of a Victoreen r-meter mounted in an S 

em. cube of lucite as the energy response of such a device is known. 

(Johns et al, 1950). 

In order to obtain the absolute neutron yield per unit mass of 

sample, per unit dose of irradiation, it was necessary to calibrate 1ihe 

apparatu_s used. Normalization was carried out by using copper as 

standard. Samples of copper and the material under study were given 

equal doses and counted under the same geometry in the neutron appa

ratus. The neutron yiel<:S from Cu 
63 

and Cu 65 have been measured in 

a number of laboratories. Combining these two yields according to 

the isotopic abundance, the neutron yield for the natural element was 

obtained. The energy for the above comparison was set at 22 MeV. 

The neutron yield from copper of natural isotopic abundance was cal-

8 
culated to be 2. 86 x 10 neutrons per mole per lO(j) r at 22 MeV. 

The yield values obtained as described earl~er were analyzed 

using the Penfold and Leiss (1958) method. 
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CHAPTER 3 

Argon has been studied in this laboratory by McPherson et al 

(1954). They have reported absolute cross sections for (~n) and 

('(, p) reactions. The method they used was considerably different 

from that which was tried for this project. They irradiated liquefied 

Argon contained in a glass container and detected emitted neutrons. 

The liquefied Argon boiled away, being in contact with the atmos-

phere. When the level fell below a certain specified mark, they 

poured more liquid Argon in, thereby making sure that the same 

mass of the gas was irradiated for each run. 

This method is quite well suited for gases which are relatively 

inexpensive, but certainly it could not be used for expensive gases 

like Krypton. For this reason, the present set up was designed and 

used with success. 

As a check on the experimental arrangement we decided to 

measure (Jrj n) cross section of Argon and compare our results with 

results reported by McPherson. The aluminum cylinder was filled 

with Argon at a pressure of 6. 4 atmospheres. The gas was irradiated 

and neutrons were counted as described earlier in Chapter 2. The 

yield curve was analyzed using Penfold Leiss method.See Pig. 6. 
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TABLE 3 

40 
CHARACTERISTICS OF (l", n) REACTION IN A 

'-.4 
Energy- of peak Max. b Jb'dE 

0 Yield at 22 MeV 
(MeV) (barns) (MeV- barns) (per mole per lOOr) 

20.5 0.048 0.35 1. 2xl0 
8 

20.0 0.039 0.35 1. OxlO 
8 

Readings in the second row were reported by McPherson and 

are given here for a comparison with our readings whieh are given 

in the top row of the above table. The above values are for total 

neutron reaction, i.e. ~~ n) + (YJ 2n) + ("(_, np). No attempt was made 

to separate the contributions from these reactions. 

The cross section obtained is typical of ('(, n) reactions, except 

that width at half maximum is above 8 MeV, which is greater than 

would be expected. This is perhaps due to contributions from ('Y, 2n) 

and ("(, np) reactions which have thresholds at 16. 6 and 21. 6 MeV 

respectively. See Figs. 7 2nd 8. 

Penfold and Garwin (1959) separated the ('(1 2n) and (Y'"1 np) re-

actions and they observed a peak in the ("f, n) cross section at 16. 5 

MeV. Also they reanalyzed the raw data of McPherson and found 

that the integrated neutron production eros s section had two peaks 

which the latter authors failed to find. P:enfold and Garwin 1 s work 

clearly explains the unresolved broa>d peak in the total neutron cross 
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section versus energy graph, that was observed by us and by 

McPherson. 

In the present study the cross section of the total neutron 

emission reaction in A 40 had a maximum of 48 millibarns, which 

is about 25o/o higher than that reported by McPherson. This differ-

ence may be attributed to the different methods of unfolding the yield 

curves. We used Penfold Leiss method while McPherson used the 

photon difference method for the analysis. {Katz and Cameron, 1951). 

ra~e. in 

It is interesting to note
1
however, that our and McPherson's results 

Aqu1te goo.dagreement with the results reported by Fast et al (1960) of 

the University of Virginia. They observed a maximum cross section 

of 41 millibarns at 21 MeV for the same reaction. Their value for 

integrated neutron cross section up to 25 MeV is 0. 392 MeV barn 

and that up to 50 MeV is 0. 598 MeV barn. However Fe.rguson et al 

(1954) report somewhat lower maximum cross section of 31 millibarns. 

Krypton: 

To study (:(,n} reaction in Krypton, the gas was transferred 

into the Aluminum container at a pressure of 6. 68 atmospheres. The 

method of transfer of the gas into the container has already been des-

cribed in Chapter 2. 

First a dry run with an empty container in place was taken to 

room 
determine the background in the d:·esearch\.The Aluminum cylinder 
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was evacuated and put in the neutron apparatus. The predominant 

contribution to the background was from thin aluminum windows on 

the container. 

The cylinder filled with Krypton was irradiated and the neutron 

yield curve was obtained. The curve was normalized and smoothed 

before making a cross section analysis. This procedure may result 

in loss of pertinent features of the cross section due to sensitivity 

of the cross section to the yield curve shape. However, no fine 

structure in the giant resonance curve was anticipated because of 

several high percentage isotopes contributing to the total reaction 

and thus smearing out any finer details that may otherwise appear 

in the cross section curve. The total neutron yield curve of Fig. 9 
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is quite smooth, as was expected. Fig. 10 shows the integrated 

neutron production cross section plotted as a function of photon energy. 

First differences of the curve in Fig. 10 give the neutron production 

cross section - in this case 6('~\n) + 26 (~) 2n) + () (y, np), since no 

other reactions contribute significantly below 24 MeV. Fig. 11 shows 

this total neutron cross section in Krypton as a function of energy. 

No attempt was made to separate the reactions because the aim of 

the present study is to find the total photonuclear cross section of 

reactions in this element. 

The graph in Fig. 11 is a typical photoneutron emission cross 

section curve. 
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The Salient features of the curve are: 

Area under the curve up to 24 MeV 

Peak value 

Width at half maximum 

1. 3 MeV barns 

150 millibarns 
at 18. 5 MeV 

9. 5 MeV 

It is interesting to note that the full width of the total neutron 

cross section at half maximum is even larger than any which have 

been reported for the highly deformed nuclei of the rare earths 

(e. g. Fuller et al (1958)}. 

The unusually large width of the total neutron cross section 

could be due to either one or both of the following reasons: 

1. Effects of multiple neutron emission 

2. High percentage abundance of various isotopes of 

Krypton which have a fairly significant spread in 

threshold energies as can be seen from Table 1 in 

Chapter 1. 
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Discussion of Results: 

In what follows we try to give a brief comparison of the experi

mental results. with theoretical predictions. 

32 

If the photon absorption always led to the formation of compound 

nucleus, then the relative numbers of emission of protons and neutrons 

is calculable by the statistical theory. Proton emission will be inhi

bited by the Coulomb barrier, .so that the photoprotons will be less 

extractable from heavy nuclei than from light nuclei. Thus the ratio 

of C(, p) process to (~ n) process is expected to fall from near unity 

for light elements to a very small fraction for heavy elements. How

ever, exceptions to this are fairly well known, Argon being one of 

them where the (-x, p) reaction is many times more predominant than 

the total neutron reaction cross-section. 

Wilkinson (1956) has plotted the ratio of proton emission to 

neutron emission as a function of the atomic number. Assuming that 

the values plotted are in agreement with the experimental results, 

this graph provides a handy source for predicting the (~, p) reaction 

cross-section, if(""'(, n) reaction cross-section is known. Wilkinson 

estimates the ~~ p) cross-section in Krypton with Z=36 to be smaller 

than 5o/o of the neutron cross-section. 

To a good approximation the total photon absorption cross

section can be taken to be the sum of total neutron cross-section plus 

the ((, p) reaction cross-section. On this basis the upper limit to the 



total photon absorption cross-section integrated up to 24 MeV comes 

out to be 1. 4 MeV barn. 

The measurements of Terwilli?er and Jones {1953) have shown 

that the area under the high energy tail to the cross section is not 

more than 30o/o of the area under the giant resonance region. On this 

basis one could add a little more to the total integrated photon absor-

ption cross section as calculated above, thereby taking care of the 

contribution to the cross-section from higher photon energies. 

Montalbetti et al {1953) have discussed the variation of the 

various parameters of the photonuclear cross-section curves, with 
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mass number A.. We would like to compare our results with the values 

as obtained from their graphs. 

The experimental values of the peak {)",n) cross-section have 

Si~ 
been plotted by Montalbetti and found to vary as A • Their graph 

predicts a maximum Cf, n) cross-section of 0 .. 15 barn £or a mass 

number A=84. This is in excellent agreement with our result of 

150 millibarns for the maximum cross-section •. The graph showing 

the variation of integrated neutron cross-section with mass number 

gives an expected value for mass number 86, to lie between 1. 2 to 1. 9 

MeV- barns. Our value of 1. 3 MeV- barns fits remarkably well in 

this range.. A log-log plot of Emax as a function of mass number has 

also been plotted by Montelbetti et al, in the same paper. The ex-

pected value from their plot is 18 MeV, for mass number 84 for 



Krypton. Our value of 18. 5 MeV confirmstheir predictions pretty 

well. Our value of width at half maximum of about 9. 5 MeV is con:-

siderably higher than predicted value of about 6 MeV. The possible 

reasons for this unusually high value have already been discussed 

1n earlier pages. 

In what follows, we base our discussion on a few models, with 

special emphasis on Goldhaber and Teller model. A brief account 

of the model is given in Chapter 1. Calculations have been made 

for the case where the protons and neutrons are assumed to behave 

as two interpenetrating, incompressible fluids suffering relative 

displacements, so that, at the nuclear surface, they no longer over-

lap. The total restoring force is then proportional to the surface 

area, (i.e. R 
2
)and for small displacements, it is assumed that the 

displacement and the force are proportional to each other. Making 

an additional simplifying assumption that N=Z= A the resonance 
2 

frequency is found to be - ,,, 
~ WQ-.: ~0 A 

For Krytpon with A=84 the energy Em for maximum cross-

section from the above formula comes out to be 19 MeV which com-
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pares favourably well with our experimental value of 18. 5 MeV. For 

Argon with A=40, the same formula predicts an energy of 2L 6 MeV, 

which is not in too bad an agreement with our experimental value of 

20. 5 MeV. 
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Based on the same model, the total integrated cross-section 

for photoabsorption is calculated to be 

CP f <;;T cl£ -::: 
0 

= 0. 015 A MeV- barns. 

----1 

For A=84 it gives a value of 1 .. 29 MeV- barns, which is in 

excellent agreement with our experimentally determined value of 

1. 3 MeV- barns. For Argon with A=40, the formula predicts a 

slightly lower value than experime:rttally found values. The total 

photonuclear absorption cross-section, i.e. total neutron emission 

cross-section plus the total proton emission cross-section as found 

experimentally is 948 MeV" millibarns (Fast et al 1960). But this 

disagreement is not too disturbing because we don't expect the Gold-

haber and Teller model to describe the behaviour of light or medium 

weight nuclei. 

Levinger and Bethe (1950), without making any specific assump-

tions about a nuclear model have calculated the total integrated eros s ~ 

section for dipole photon absorption in a given isotope, by applying 

the sum rules for the matrix elements. For ordinary forces the 

total integrated cross-section for electric dipole absorption is 

dE 
Me 

0 

t'{L 
A 

o· oGo N ~ 
A 

---2 



It is obvious that for N=Z= A. , this expression reduces to 
").. 

expression obtained from Goldhaber and Teller model. 

From (2), putting N=48 ; Z=36 and A=84, the total integrated 

photon absorption cross-section comes out to be 1. 23 MeV -barn. 

This result is slightly lower than experimentally observed. How-

ever this is not surprising as the contribution from the exchange 

character of the neutron-proton forces has been neglected. 

If the existance of exchange forces between the nucleons is 

assumed, formula (2) has to be modified. Also then the calculations 

have to be based on some specific model. Levinger and Bethe (1950) 

calculated the result expected upon an independent particle model of 

the nucleus and found a multiplying factor of (1 + Oo 8 x), where x 

is the fraction of exchange force in the neutron proton interaction. 

So equation ( 2) now looks like 

dE o · c 6o (\+0·8~)

0 ---3 

Using this we find that a value of x=0.16 produces a result 

which is in very good agreement with the experimental findings. In 

case of Argon x=O. 7 explains the observed cross-section reasonably 

well. 

To summarize, we note that our experimental results are in 

very good agreement with the predictions based on existing models, 

in particular Goldhaber and Teller model within the limitations of 

theJ~olution of the method used. 
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We haven't observed any anomaly or any unusual behaviour on 

the basis of which to doubt the validity of the Goldhaber and Teller 

model. 



Comparison of Results with the Inelastic Scattering Experiments: 

As mentioned earlier Goldemberg and others measured the 

energy spectrum of electrons inelastically scattered at 180° from 

nuclei, with the aim of studying the giant resonance region of nuc

lear excitation. Krypton was one of the elements they studied and 

found the giant dipole resonance cross-section. Their experimen

tally found values were smaller than theoretically calculated values, 

by at least a factor of 2. They used Goldhaber and Teller model 

for their calculations of the necessary matrix elements. The method

adopted by them has been briefly outlined in Chapter 1. On the basis 

of this disagreement between the experimental and theoretical re

sults, they doubted the validity of the particular nuclear model they 

used for the calculations. 

This disagreement between experiment and theory gave rise 

to the present project which has been studied to verify the assertion 

made by Goldemberg et al. As is evident from our previous dis

cussion, we did not observe any such disagreement. Our results 

are in remarkably good agreement with theoretical calculations based 

on Goldhaber and Teller model. Thus we did not find any reason at 

all to doubt the validity of this model for heavy nuclei. 

After we found such an excellent agreement with the theory, 

we decided to look into Goldemberg' s paper a little more carefully 

to find if we could, any factors which if accounted for may bring 



their theoretical calculations in a better agreement with their experi-

mental findings. 

On page 245, (Nuclear Physics 43, 1963}, equation number· (4} 

reads as 

As we recall, k 1 and k 2 are incident and final wave numbers. 

Now the incident electron energy is~ -*c.~, which is of the order 

' 
of 40 MeV in their experiment. k 2 is the final wave number and 

is the final electron energy which is about 20 MeV around 

the giant resonance region. Obviously an approximation of this kind 

is quite poor. Although this kind of approxi~ation has been made 

quite often (e. g. Wiley, 1963) it can be justified only for the case 

when the incident energy of the electron is of the order of one or a 

few hundred MeV, while the nuclear excitation is of the order of a 

few MeV. In case of Goldemberg' s paper this approximation intro-

duces an error of a factor of 2, when finally substituted in their 

expression (19} on page 247 of their paper. 

Without making this approximation the 

0 
at 180 • 

This correction brings their theoretically calculated results 
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down by a factor of two and thus in a better agreement with their 

experimental resultso This is evident from Table 1 on page 249 

of their paper. 

Another possible source of error is assuming the validity of 

Born approximation for nuclei as heavy as Krypton. This may affect 

their theoretically calculated results. It would be interesting to 

apply a second Born approximation to the first and calculate the 

results, to find out if the comparison between experiment and theory 

improves. 

Form factors for Krypton were derived from the work done 

by Helm (1956) who studied the neighbouring elements. Since no 

direct data on the elastic form factors of Krypton is available, this 

sort of extrapolation introduces an uncertainty in the calculated 

values. 

Part of the discrepancy is because of the uncertainty in deter

mining the background curve. The smooth curve that has been drawn 

is certainly too high in that it does not allow for the long high energy 

tail which is known to be present in the (r, n) cross-section curve as 

reported by Barber et al (1955). Until the difference between the 

40 

calculated radiation tail and the measurements at low electron energies 

is understood, there is no unique way of determining the background 

curve. 

These and a few other minor factors, if properly understood 



and accounted for, would go a long way in improving the method 

of extracting useful information out of the experimental data and 

thereby eliminate all possible uncertainties that could give rise 

to discrepancies between experimental and theoretical results. 

On the basis of aforementioned facts we have no reason to 

doubt the validity of Goldhaber Teller model. As it stands, Goldem

berg' s theoretical results are in quite good agreement with their 

experimental results. A better understanding of the facts men-

41 

tioned would certainly remove any other mino-r disagreement that may 

exist between theory and experiment. 
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