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This Symposium en t\\a History ©I Nueltar Phyaieg eeneenerateg en a

elme when physieis^a were gviEehing cheii" majer aectntien from the thtn

feeently eonqueead field of afiemie physics t© nueiear phyiies, Out

t§ pfQbably unique in having a large fraetian ef sipoakir§ whe had already

made imporEanc contribueiens in atomie phy§ie§ b©S9re eurpini th©i?

eo eho nucleus, In ehi§ transitit>n the nueUar ph©e9Qleet?ie tffeet ua§

played a rol^ whieh might b© wereh reeountiBg.

For §ome personal eyaiiniseenflga eeane^feed with it§ dtieevary and

inv^^citation I have e© g© baek mefvs ehan fo?fey y^ara. H@wtv@f, at wa all

knew, raamory i§ ^eleetivei It eeuld hardly be oeherwtie, "Total vseall"

probably ean play a P © 1 @ ©nly wh©n 6h# "rtselviai pewtr," boeh spatial and

temp©ral, is uniaportant, e.g., whin we art eonetrntd §9laly with numbiri,

Bifferene ©b§@rve?i will ?©sa©mb©r th% saia© tvtne dif£«j?©neiy--thi§ wight ba

eall@U, after the Japanese story known to many oi ug fr©m th« famous movi®,

eh© "Ra§h©m©n ^lleet.11 Thia is ©speeiaily tr«t in the history of seitnee

bteause. her© different "ebiervers" ara of tin separated both In iptet and time,

While rgproduetbllity plays an important re I© in seitnet, history of

has to nfflpha§iie e@ntisfctn.ey. Thus, by using many dif£«r«nt sourets.

*Uf\dev eh© augpieea ©f the U.S. Intrgy Settareh and Development



the historian ef seitnee can develop a m©re ©r ietg balanced picture, though

hardly ever a e©tnpL«g;!© one. The m#m©ri§§ of erne scientist, subjective

ai they n§ee§iarily are, sometimes teleaeepini different #vent§ into one,

and favoring "vivid" enti whieh he ha§ ©ften "replayed" in memory or explicit

reeelleetions, ean £or?a only a part of the raw material used by the historian.

In preparing thtae rgtnarka, 1 hav© net aettropead t© makt moi"i than sporadie

u§e ©f thg published litgratue© and of my evm nstts, unlike eho gygcematie

us® a historian of seiane© would e@niid«ir naegasary for a fairly w«ll reundud

With thase areviaoa, lit me eome t© ray §6©ry, In eh© early thirties,

while 1 was a student at the Univgraity ©f B«rlin, I got interested in

nuelear phyaiei, partly through a gtiamlatinft ecwieie given by Lise Meicner,

She waa very enehusiastie abeuc har field, and I teiil remember how axeiE#d

ahe was whtn reporting the diieovery ©f Ehe neutran in a eellequiura. She

get §© carried away that ah© spoke ©f th© eoiiision ©f a ntueren with a "brags

nucleus." Thi§ is nee sueh a bad mistake after all boeaugt the "brass nucleus"

has fever "i§©t©p©§»" .tamely g©vc>n, than ?©ma ©ther well-known nuclei like

tin, which has ten.

Fr©m feiaj© ta time thfi Na^i itudgntg rioted, and one day in Mareh 1933

they had brought all lectures e@ a hale. Thia imexpteted frea time permitted

me to §© t© the library, where I earn© aeroit a short note in a popular aeien-

tiiie jeurnil whieh reported fram the United States that G, N. Lewis had

tepgrated I ee ©f htavy water. The news that a rare is©tope--diieoverad only

a year earlier by Urty, Iriekwadde and Murphy-had been isolated in such a

lar|e amount impre$sed me very mueh, I immediately asked mygalf: To what

u§i eould hea\7 hydrogen bt put? I jetted down a few ideas, one of them being:
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leek for ph@6©disint#grati©n ef the heavy hydrogen nucleus (later tailed the

deuteron). Sueh an efftet might explicitly cheek whether th@ deuteron ts

"made" of a proton and a neutron. Remember that only a few years earlier the

possibility was still taken seriously that nuclei wet© wad© of protons and

electrons. The best meaning that can be given to aueh a naive phrase as

"something is made of certain constituents" is that a fhaory of a process in

which these constituents are postulated to play a role leads to agreement with

experiment. Photodtsinttsgratien of the dtuteron can be considered th^ nuelear

equivalent of the speetroseepy ©f the hydrogen atom, though nothing lik© as
4

rieh in detail and precision, in faec a rathar poor relative as far as its

"spoecrum" is e^neerned, which in this ease has no discrete lints.

In May 1933 I left Berlin far Cambridge, England, where Rutherford

(see Fig. I) had aeeepted ts>% as i research student at the Cavendish Laboratory.

Af- Herraan Feshbaeh told you in his introduction, I had intended to start a

thesis with Schroedinger, but during, or soon after, our first serious discussion

we boch decided to itava, and it was probably he who recommended m@ to Rutherford.

1 -3Ei\rtgd theoretical work with R. H. Fowler in October 1533, In thost days

one didn't yet feel the hot breath of competition, certainly not at £h@

Cavendish. You euuld hav@ an idea that you thought important, you could sit

on it fov a year or so without being afraid of losing ie, and if yeu did lost

it nevertheless, yeu said to yourself, "Now I can go on to th© next idea,"

In Aptii 1934 1 was writing a paper en the role of spin in nuelear

reactions ("On tht Probability of Artificial Nueltar Transformations and Its

Connection with tht Vector Model ©£ the Nueieus," Proe, Cambridge Phil, Soe,

JO, 561, 1934). I had to knew the energy released i\ some ef the simple

reactions with lithium isotopes which had been studied by Coekereft and Walton.

Somebody at the Cave«diah--1 believ© it was Mott, though I am not quite sure--



eeld m@ that Ghadwiek (Fig. 2) would knew the best values for nhe masses of

these isotopes,

I went to see Chadwiek to ask him about the masses and after

he had enlightened me I suddenly found the courage to tel1 him of my idea tnat

the photodisintegration of the "diplon"--as the heavy hydrogen nucleus was

then still called by Ruth©rford--might be worth trying, using the highest

energy Y rays then available. These wgrs the homogeneous v rays of

radiothorium, which in equilibrium contains a daughter product, thorium C",

ehat emits a 2.62-MeV Y ray. This Y ray had been discovered by Ellis, ard a

source of a few millieuries of radiothorium was available at the Cavendish.

Thus, the photonuelear experiment would not have been easy in many placu^ but

it happened to be relatively ©asy at the Cavendish. Chadwick, gentleman that

he was, listened politely, but seamed to eateh fire oruy when tho point was

brought out that one could determine the mass of the neutron rather accurately

from a mejsuveiaant of the "phofcoproton" energy. Perhaps his interest was aroused

because the question or Che correct neutron mass was a hotly debated one at that

time. It was then not even certain whether the neutron was heavier or lighter

than the proton. Our conversation ended with no explicit commitment from Chadwick.

About sis weeks later, when I showed him a "Letter" concerned with a

then premature subject, later known as "Delayed Neutrons," which 1 wanted to

send to Nature ("Spontaneous Emission of Neutrons by Artifically Produced

Radioactive Bodies," Nature 134, 25, 1934), he asked: "Were you the one who

suggested the photodisintegration of the diplon to me?" When I answered yes,

he said, "Well, it works--fer the first time last night. Would you like to

work on it with me?" Sinet I realised by then that I enjoyed pursuing

questions which could be answered by experiment, 1 was glad to accept t,,is
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chance to change from theory to experiment. I went to see Fowler to ask his

pat-mission, and he immediately agreed. Things were very informal at the

Cavendish in those days. Experiment and theory were not yet as separated as

they are today in many places, and, anyhow, the overall official supervisor

of the research students was Rutherford, who I suppose was consulted. I

joined Ghadwiek in his own research room. Since he was pretty busy as

Assistant Director of Research concerned with the progress of all experi-

mental research students, he allowed me quite a bit of leeway in continuing

the further experiments which we undertook. In these experiments I was helped

by Chadwiek's very capable assistant, H. Nutt, who is known from a line in a
help

Cavendish song: "N for Nutt who discovered the neutron." This/was, of course,

invaluable to a greenhorn in experimentation. Ever since, though, I have

cried to remain a erypto-theorist, as Herman Feshbaeh realised.

After about six weeks of intensive work, we started to write a "Note"

to Nature. (See Paper No. 1 in a collection of papers on "Photonuelear

Reactions," edited by E. G. Fuller and E. Hayward, Benchmark Papers in Nuclear

Physics, Vol. 2, Dowden, Hutchinson & Ross, Inc., 1976. I shall refer

several times co this large and very useful collection.)

By observing tha photoprotons from the reaction

D + Y -• H + n (1)

we could measure the approximate energy release as well as the cross section.

We used a sensitive ionigation chamber filled with D9 gas. Since the

photoneutron carries away approximately the same energy a@ the photoproton,

we could write,in suitable units, using Einstein's two famous aquations for
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the photoelectric effect and for the equivalence of mass and energy:

n^ = mD - mH + E Y - 2 Ep . (2)

We calibrated the ionization chamber roughly with Q particles and found

Ep "" £50 keV. This led to a neutron mass n^ « 1.008, definitely le ",er than

that of the proton. Chadwiek, Feather and Bretscher (Proc. Roy. Soc. London

Ser. A 163, 366, 1937) measured the range of the photoprotons in a cloud

chamber containing deuterium and obtained a more accurate Q value. The best

12
values on the present-day mass scale ( C s 12 mass units) are n^ = 1.008665

and ffiu = 1.007825. I remember being quite shocked when it dawned on me that

the neutron, an "elementary particle," as I had by that time already learned

to speak of it, might decay by 3 emission with a half-life that I could

roughly estimate from the existing systematics for the S decay of complex

nuclei to be about half an hour or shorter, since the neutron was a simpler

system. Of course, we are by now quite used to the idea that elementary

particles can decay. I believe the first one for which the lifetime was explicitly

measured was the j meson, and the half-life of the neutron is now known to be

10.6 min. Since the development of reactors, the spectrum has been measured

by modern techniques with high precision, and the neutron does indeed exhibit

a nice continuous 3 spectrum with an end point of 7S0 keV, in agreement with

the mass difference.

Bethe and Peierls followed the v-D experiments by a detailed and

very successful theory of the deuteron and the photoelectric effect (Paper No. 2

in Fuller and Hayward's book.) It is perhaps fortunate that quantum mechanics

was developed at a time when electromagnetic interactions were considered to

be the only forces on a microscopic scale. Now one could assume that quantum
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mechanics would be valid in the new situation found in nuclei and thus one had

to guess only about the new forces, not about quantum mechanics at the same

time. I believe it would have been very hard for theory to make a double

step simultaneously, and it was fortunate that we didn't know any particles

other than protons and electrons at the time quantum mechanics was created.

It is sometimes better if a discovery is postponed: a strange lesson to give

anybody! The discovery of the neutron, as we heard from Hans Bethe, removed

a major difficulty, permitting Heisenberg, Majorana and Wigner to extend the

use of quantum mechanics to the behavior of protons and neutrons in the nucleus.

Bethe and Peierls made the simple assumption that the forces between protons

and neutrons were of very short range and pretty strong. They did not need

to know the details--this was the beauty of their theory--but were able to

calculate the cross section with only one parameter, the binding energy of

the deuteron. Refinements of this theory have been made by many physicists,

and we especially miss hera today one who has perservered in this field over

many years, but was unable to attend this symposium: Gregory Breit.

To test the electric dipole character of the photodisintegration of the

doutaron further we made a rough measurement of the angular distribution of

the photoneutrons (Fig. 3). In our simple arangement we used a cylinder (C)

filled with heavy water, and we had two positions for our Y-ray source, A or B.

at equal distances from C, a lead block to absorb V rays, a paraffin block to slow

down the neutrons, and a boron counter inside the paraffin to detect the slow

neutrons. This was one of the early angular distributions studied in nuclear

reaction physics, but since the angles were very poorly defined we :ould not

expect any very large effect. We found twice the intensity at position B as

at position A. This means that most photoreutrons are emitted at right

angles to the Y ray, which agrees with expectations for an electric dipole

transition.
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To get the heavy water was quite a business. I went to Rutherford and

asked his permission to use heavy water, and he wrote a note to Oliphant,

which I kept as a memento (Fig. 4). This was a good fraction of the world's

supply of heavy water at that time, and it was carefully handled. Since our

experimental cross section and angular distribution were in rough agreement

with the theory, we could conclude that the deuteron was really "made" of

protons and neutrons. Today we know this is only a good approximation, since

mesons also play a role. The cross section for photodisintegration of the

deuteron has by now been pursued up into billions cf electron volts of Y-ray

energy, and it is an interesting curve. Figure 5 shows a printout from the

photonuclear data bank being maintained at the Bureau of Standards under the

direction of Everett Fuller, one of the editors of the Benchmark book on

"Photonuclear Reactions." The curve is a theoretical one, based on effective

range theory with a slight correction for the photomagnetic effect near

threshold, which I shall corae to shortly. Note the logarithmic energy

scale. Anyone with a one-track mind, pursuing the cross section to higher

and higher energies, would have found an interesting bump, which was actually

found only after the much bigger mason resonance had been discovered. The

photoir.eson production loads indirectly to a resonance also in the "direct:"

photodisintegration cross section: Sometimes it would have paid to have a

one-track mind!

An interesting speculation on the possible existence of "slow" neutrons

turned up while we were writing our "Note." .' .ne of those present today may

remember part of this story.
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Our approximate experimental cross section permitted us to estimate

the inverse cross section

H + n - D + Y • (3)

In fact, the inverse reaction for ~l-MeV neutrons would just correspond to

the same center-of-mass energy as the one we studied in reaction (1), and

we could therefore safely make a thermodynamic argument for the cross section

expected for reaction (3) for 1-MeV neutrons. A litde earlier D. E. Lea at

the Cavendish had carried out experiments In which he had observed v rays

emitted when fast neutrons impinged on paraffin. These were polonium-

beryllium neutrons which are on the average even a bit

more energetic than 1 MeV, and he interpreted his results as due to reaction

(.3). But according to our estimate his observed Y-ray yield was much too

large to be explained by this reaction for the fast neutrons he used, by

something like a factor of a hundred to a thousand. It was really an

impressive discrepancy. /

We therefore speculated that in Lea's experiment the fast neutrons

were first slowed down and then captured as slow neutrons. But speculation

was somewhat frowned upon at the Cavendish, and Chadwick convinced me not to

include it in our finalf version of the "Letter" to Nature; thus the puzzle

we had encountered was noted only with the following remark: "A satis-

factory explanation is not easy to find and further experiments are desirable."

--a typical cautious Cavendish remark. Rutherford allowed himself his famous

speculation on the existence of a neutron only in a lecture, his Bakerian

Lecture of 1920. In papers he did not speculate readily. By the way, since
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this question came up in the discussion this morning, Rutherford had made the

mistake of thinking that some long-range a particles were -'He, but when a genius

makes a mistake it has its uses, and so he speculated from He down to the

neutron. He added a remark which was very important, saying in effect that

the neutron seems almost necessary to explain the building up of the nuclei

of heavy elements]

I do not know whether Chadwick talked to Rutherford about our specu-

lations, but about three months later, when the news of the discovery of

slow neutrons by Fermi and his collaborators in Rome reached the Cavendish,

solving the puzzle we had found, Rutherford sought me out and turned

out to be well informed about our speculations. In fact he practically

rushed into my lab, and I can only now psychoanalyze this with hindsight: he

had
seems to have/ a bad conscience, but I cannot state this as a fact. I

wrote down my recollections of these events for a volume honoring Feather's

Jubilee at Edinburgh ("Remarks on the Prehistory of the Discovery of Slow

Neutrons," Proc. Roy. Soc. Edinburgh (a), .70, 17, 1971/72). Peierls, who was

aware of our speculations, had pointed out in a letter to me that the cross section

for reaction (3) would go to zero at zero neutron energy because electric

dipole radiations would then give a zero effect; so to say, a p-wave would be

needed. The finite cross section which Otto Frisch and others measured

accurately later was explained finally in 1936 by Fermi by using the spin

dependence of the n-p forces postulated by Wigner and calculating the spin

flip magnetic dipole transicion.

Until a few years ago, there was still a small discrepancy between

experiment and theory in the spin flip capture of slow neutrons by protons,



- 11 -

namely, the experiment gave a cross section about 10% larger than the theory.

This was explained by Riska and Brown as being due to meson exchange and nucleon

resonance effects. Gerry Brown tells me that ~7% can be ascribed to meson

exchange and ~3% to a i resonance, although the latter is somewhat model dependent.

The magnetic dipole transition was taken into account in the cross

section for the photodisintegration of the deuteron shown in Fig. 5. It is

a small effect but important near the threshold. Incidentally, on that

curve there are no experimental points near threshold; it would be important

to check the theoretical cross section curve there, which is based solely on the

value of the thermal neutron capture cross section.

In 1934 we knew of only two nuclei, D and 'Be, for which the

Y rays then available had sufficient energy to permit photodisintegration.

Szilard and Chalmers were soon able to observe the photoneutrons from Be,

using the ingenious Szilard-Chalmers method for separation of radioactive

I. In this method, an organic compound of normal '•-'I is bombarded with

198
neutrons. In the capture of the neutrons, most of the time the " I gets

knocked out of the molecule because of the recoil given to it by the neutron

that is absorbed and the capture Y rays that are emitted. The knocked out

~°I is then separated, and thus the activity is concentrated. In this way

one can discover low intensity neutron activities. Szilard told me a story

a little different from what Otto Frisch remembered concerning how he found

this separation. He said he was trying to think of a way of incorporating

I, the radioactive iodine, into a molecule that would be of some medical

use, for treatment or diagnosis. He was therefore thinking of

bombarding a compound with neutrons, but realized that due to the neutron
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bombardment--remember he was still using fast neutrons--the compound would

be destroyed. He turned this apparent defeat into a positive method of

concentrating an activity, which was a true Szilardian touch (See M.G..

Introduction to Papers in Nuclear Physics by Leo Ssilard: The Collected

Works of Leo Szilard: Scientific Papers, B. T. Feld and G. V. Szilard, Eds.,

The MIT Press, Vol. I, p. 139, 1972). Chadwick and I studied the angular distri-

bution of the photoneutrons from Be in an arrangement similar to that in

Fig. 3, using Rn V rays, and found the distribution to be symmetrical. We

Q

interpreted this as due to a neutron being emitted from an I = 1 state in Be.

I believe that is still considered correct. I read it just last night in

our old paper; I had forgotten it myself. It was a little bit of "single

particle thinking,'1

In 1937 Bothe and Centner tn.de an important step forward by using a

new 'v-ray source of much higher energy, the 17-MeV Y rays emitted in the

/Li(p,Y) reaction, which I believe were found at Cal Tech. This y energy is

sufficient to photodisintegr;r.te most nuclei. There are very few thresholds

above 17 MeV. Bothe and Gentner observed radioactivity in very many nuclei,

e.g., ^Cu(v,n) -Cu (10 min). It would have been hard to look for the photo-

neutrons in this case because around an accelerator there is usually

some neutron background, and it was much easier to look for the delayed

activity that gives an easily detected S ray £or each photoneutron ejected.

The war interrupted this story, and there was not much progress in

the photonuclear field until after the war. Early in 1943 Baldwin and

Klaiber in a classic paper (No. 5 in the Fuller and Hayward volume) reported the

use of x rays up to 100 MeV from the G.E. Betatron to induce (^,n) reactions in
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a nufflbe? -1! nueiei. They found a e?©§§ §eeti©n vrtueh ine^eased rapidly i?m.

the thresheld, s-ea^htd a raaKimuffl, and then dee?ea§ed rapidly as the energy ©£

the x rays r©se beyeud about 1Q MeV. They ipt§!?p?e6ed the deeeease a§ dug to

eempeiieian fzm (v,2n) reaeti-'ng, line© they s\ea§u?ed, e»g», in Cu, enly

the IQ^min ^Hu, the l@nie? lived aet ivt ty of ^^6a w©uld have ?amin@d unnettee

i f@und the if explanatien \m§att§faet@?y fe@eau§^ the dr©p t.n int§n§ity seeraeH

ffluoh 6©© ficeeipic.jua, '̂ -id i t §e@ffled w©rth whtit fe© t ty ta inte???et th t t? data

a§ a ^@§onant& p?9Qe§§ tn§t^ad. Seen ^?lman and Feiedlandei? shewed that ^^Cu

IP the • ;>ptng ^f i t i i 1 waa spending a day at' Af|©nne National

n>-'«trpn=indueed is^m?•- with M de? Mateestan, Mike MeKê vm and

e.aH. Meuh uau§@, I ean ini^ Idwafi T@IIF>F and a§k@d him wh@t.h©¥ i t vow Id x\$t

snake î>n§@ t© QCin̂ ider- sue ap^ar-ene ?@§aRaReea leund by Baldwin and KUil^?

a§ nuelea? analogues at £h@ §@=ealled "Re^tftrahl^n" C?§sidual eay§) which

Rubins £i?at §tudied l©n§ u p In p&lar e?y§tal§. Theie f̂ §@naae@§, whieh a?e

^^en in the ini'ta?ed, had been espiatne.d a§ due t@ eh© a\@eien ©f a p©§ifeive

ien iatti.ee against 5h3 negafewe, and fell®? wa§ ^e l l aequaint§d with this

In the nuelsus, ©I geuege, 6hia w©uid fee a vife^atien ©I the

he neuteyns set in a@ti©n fey the Y ?ay#» ai- ta?ly example @f

in au ^ieet?afflaifte£ie t^ar^iti^tu With

| and the r-©ia ©f the nueiea? §u?faee> we we?e able 6©

the r-es©nanee ene^ i tes ?.@, f w vhteh we ®btain@^ l@? @n

whieh t=i-ned out t@ be a happy appe©?4ifflaei©n» a dependence @n mas

fi@nai to A=^^s i . e . , tnvtfgiiy p?^o?ti©nai t© the nuelear ?adi

S@« ^ In the Fuller asd Haywaed bo©k,)

Figur-e I , a peinteut (ffens the ph©t©nueiea? data bank at the 'tu?eau ©f

Standards) whieh Fuile? kindly tent se^ thews the pe©dueti©n ©f pheteniutrang

f?€»?a ^^^Au. N©te that the (V,In) reaefei©^ indeed t e t t in ®nly well al'ter-

the aasiauffl e?©i« geett^n ha§ beta



Figure 7 shews the product of the r e s o n a n t fr>«v-;y !••:.•, .->nd A ' a--

function ©f ma§§ number A. Above A —130 tn i s pr^duci approaches a c ^ n ^

value.

Fig'ire 8 shews an i n t e r e s t i n g example, ^ ^ T e , wĥ F<p t

^eaet ien has a double hump appea?aaef>, preUicced indopri.KtynEly bv

by Okameeo far nuelei t-hae are ssrengW defor-med and hen^«= h.-wv A

memenl. The ?©n§on fe? the double hump is simply th^(

ve r a d i i for 6he l©r,g nnd ehe short ax<-'s.

§ hew th i s ean be e x p l i c i t l y proved by a

in ehi§ ea§i ^ ^ H Q , whieh i§ eas ie r ES al ign than Ta <*nd is

The H@ nueleua i s aligned «ith<E>r ae r-ighE angles ^r pavalU-l to

beam,

t:h<6 li^hcest nuclei, vfheve eh«' photoeffeet §h«w§ a k>*; ,>?" stvwc

, the si»gl«=i>€irtiuiJ.e m^ei is raueh aorg effc>etivp. The reason whv aw

v©?ka h#§t far heavier- nuelei is that a light nucleus iu "aU

," while we had postulated a volumt effeet.

There ftav© been many variations and isnptewsfients of our 19AS paper .

giant dip©le res©nane@, usin^ Uetis eh© eolleefeive and the §ingle=partU'

approach, s tar t ing on the eelieetive side wish Steinwsdel and Jensen iP-cuvr

N©» ? in Fuller and Hayward*§ book), and ©n the §ingle«partiele side with

lurkhardt (Faper N©. 10), followed fey Wilkinson (Paper No, I I ) , Brawn and

i e l i t s r l i (Paper N©t 14), and eth&r§i In a paper eo appear shortly (Phys,

Rev, C> Myers, ^wiateeki, es a l , diseu§s a raaeressepic vsedel in which thr

n is treated as a combination of the displaeewent ssede and the
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In IfSO iethe and levinfer (Paper No. 8) e©niidered the imperE&nee ©f

sum rules where no s^eeifie models are assumes I©? the uueiear vibrati©n§.

Sum rules permit eouneing ©f Che nufflbet ©f ehar§es involved in the phot©-

eleetrie transition, and any excess found ts in a way a measure ©f mei©n

effeets that are atherwise hidden, Thete sum rules are thtrgfere very

They have new been pursued m high energiei. Experiments ©n

er©§a seetiana up e@ afeeut 100 MeV ih©w how §©râ  §utn rults saturate by then

and others do not. Unknown c© all ©f us, A, i. Migdai (Paper N©. 4) had een-

sid^F^d nueiear dip^le vibratian§ in a 1944 paper, whieh reaehed this eeunfi.rv

af:eer S<farid War II and to whieh Levinger drew aeten6i©n later ip his b©ek

O'Nueiear fh©e©disinfeegrati@n," Oxford UnivgrstEy Pres®, New Yerk, I960),

Migdal was guided by the observation, already eeneained in B©6he'§ 193?

review, that dipele transitions in the lew eneriy rtgi©n§ are eewparabl© in

rate only £9 quadrup©le transitions; but remember in these days n© abselufie

rates were knewn. In a «%en§e, the deuteren ph@eodisinta|rati©n rata vai the

first absolute eleetremagnetie rate, and beeaus© it agreed with theesy ie

gav© u§ eeu,-age t© f© into ©ther raaiifieaei©n§ ©f elgecromagnetie

The nuelear ph©t@eleetrie ©fleet plays a rsi© in a§fet'@phy§ie§, in

nuelear eeehnelegy, in the idencifieatien ©f el©Ri©nt§ and i§©t©p@§, and ia

other fields, t ju§fe heard an in£@r§sting talk by J. Peebles where ht

reminded u§ that in the first sninutt after the "Big Bang" the m©§t impertant

rtaetions |©ias ^n wtre n * p ^ ^ d * Y» The raet ©f these reaetions, whieh

ean be eensider-©d the fir§t and simplett nuei^ar reaeei©ns, d©termin©§ the

uifeiaaee HiB!HHe raei©, whieh is ©f iueh ifflp©eeanet f©r the w©rld we live in.

Had we ended up with a iifey«fifty mixture ©f d^utmrium and hydrogen it M|ht

ptrhaps e©nfuitd i©roe bi©l©|ieally iwperttnt meleeuits.
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During the late thirties while still at the Cavendish, and more so

later at Illinois and Br^okhaven, say research interests turned to i§©merie

transitions in nuelei, very naturally in a way sinee these were \-ray transi-

tions but ©f different multipole order. We were able to classify all the

known isomtrie transitions int© a number of eleetrie and magnetic multipole

transitions, whteh we designated E0-E5, and Ml—M4 (M.6. and A. W. Sunyar,

Jhys. R©v= S3, 901, 1951; R. D. Hill and M.G., Rev. Mod. Phyg. | 4 , 179, 1932;

and M.G. and J. W©n@§te, Ann. Rtv, Nuel. Sei. ,5, 1, 1955>. For most oxeieed

nueltar statti ©f relatively l©w sn©rg/, §ay <l MeV, the lifetisne is now

measurable and usually known. Teehniques have been developed ever the years

fe© meagure both vtry sherfc lifeeimas, ©f ehe ordei* ef 1 0 " ^ ate or last, and

vary l©nf lifetimes. Seme ©f the longest lived isasners have lifeeisnes of

§@v@?al eenturies. Thus there is a huge ratio, ̂ IQ" , over whieh cransition

rates aan be studied, Host peeple look &o\<m their ne§es at work wish some-

thing as unifundasuantal as heavy nuclei. Hewavtt, if one is interested in

high tauiti^ole transitions, one is foreed to go to heavy nuelei. As we have

already seen, for the deuteren there is a great paueity of nuclear levels

beeause of the §hort range of the forees where most levels get squeesed out

and the deuter©n has n© b©und exeitid state. In faet, going up in snass, the

first bound exeited state oeeura for mass seven, in ^Li and ^Be; thereforg, c>̂

study transition rates of different multiples, ©ne must use heavier nuelei.

Among the results of our elasgifieation >>f isoaerie trangitiens, two

are worth minttenin|. The M4 transitions were particularly related to the

closed shells diseased by Maria Mayer and by Jensen, Suesss and Hasel,

heeause the M4 transitions appeared systematically, e.g., below the 50 shell

f/2 transitiont. We found ,v;4 iserners juit below SQ but noe
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immediately above until one gets close to the nsxt shell with 82 protons er

neutrons. Let u§ set hew well th© transition rates a§re© with just a gittpie

singl© particle radiatiuf. The formulae for the expected rates were calcu-

lated by Weiaskopf and Mosgkowski. Figur© 10 shews first of all chat the

predicted E*^ dependence in the Y-ray lifetime for M4 transittons is eorrtet.

Tha lin^ shown has th© eorrget slope. W© drew this particular line through

Che points; th© lin© suggested by Wtisskepfs formula would b© vsry el©s@.

Waiiskopf himsalf didn't take his absolute values too sgriously and was very

surprised wh©n h© saw this, in faet w© didn't git it into §ueh good ihap©

until one day, on tho way by train to M.i.T. to giv© a eolloquium, whil©

going ©v@r my slides 1 netieed that the points looked like two lines. By

making a statistical weight eorreetion, whether the transition goes, a.g.,

from pl/2 to §9/2 or th© other way, equivalent to a factor of S ia this ease,

the points vore made to eoalese© in.ce a single ling in time for th© colloquium.

Another result worth mentioning (see th© pap©r with Suayar) is that

in the region of the highly deformed nuclei, which have large static

quadrupola moments, w© found so-called fast E2 transitions (fasttr than tha

single-particle formula predicts by factors up to —100), <ind w© explained

these as a "cooperative" phenomenon whtrtby th% nucleus as a whole was

undergoing qu^drupole motions. This is, one might nay, the dynamic analogue

of Rainwater's explanation of the static quadrupole momenta, and it helped

in the formulation of th© unified theory of nuclei by Bohr and Mottelson, who

considered these particular fast E* transitions as related to shape deformation.

They had assumed rotational staees where eh© rotor keeps a constant moment

of insrtia in tht various states of spin, 0, 2, 4, 6, ate. But as

mor© data appeared, it could be shown that ground statt bands of all even-©ven
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nuclei, exeepe eh© closed shell nuclei, can be systematically described by one

tormalism if it is assumed that the moment of inertia increases in a regular

way (Seharff-Goldhaber, Dover and Goodman, Ann. Rev. Nucl. Sci. 26, 239, 1976),,

In this connection one more investigation may be of interest. It was

mentioned this morning that eh© question was perhaps still unresolvtd than

in Che minds of sow© people (though resolved in most people's minds) whether

V rays are emitted first and then converted ©r whether the conversion of

Y fays is really a direct process with the electron removing energy from the

nucleus in competition with v-ray emission. The second was generally believed.

Experiments by Stgre and Wiefand, and by Bauc'.ei et al. on the lifetime

changes in the electron capture decay ©f 'Be, which manifestly depends

on the electron density at the nucleus and which eould be changed by

changing its ehemieal binding, indicated a method. We could look

for lifetime changes in internal conversion by making different

chemical compounds. If the Y rays were omitted first and later absorbed,

it shouldn't matter much what the compound i§. However, if the electron

ean directly induce transitions, then of course the lifetime can be changed

by pushing the electrons either closer to the nucleus or farther av.-ay,

which can be done by waking different chemical compounds.

In 1951 Bainbridge had a gear's leave from Harvard and same to

grookhaven. Together we undertook a search for the effect of chemical struc-

ture en lifetime, using the isomer with she lowest transition energy known at

the time, ^ T e . A 2-keV, highly conversed E3 transition of 6-hr half-life

is followed by an easily detected Ml V ray of 140 keV. Since ve were interested

in seeing M4 transitions for our collections of points for the M4 line

(Fig. iO), \i% had to scrounge MA transitions wherever we could. There-

fore, since we eould estimate how long "*mxe would live if the intermediate
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level at 140 keV were not there, we just calculated what the intensity of

the crossover transition should be, and sure enough we found it to have

exactly the predicted intensity (see Fif,. 11). Thus, we could put one more

point on the M4 line where we were already expecting it. In the course of

these experiments, Elisabeth Wilson (now Mrs. Charles Baker) of our Chemistry

Department, who was working with us, learned t© make very pure Te sources.

Bainbridge found beautiful lifetime differences between different compounds

(metal, oxide, sulfide), and a theory was developed by John Slater, also

visiting Brookhaven then, which roughly showed that for those of our compounds

in which the electron density was expected to be higher at the nucleus, the

lifetime was shorter (K. T. Bainbridge, M.G., and E. Wilson, Phys. Rsv. 84,

1260, 1951). Thus we proved explicitly that internal conversion competes

with Y-ray emission, a point which, as I said, was by that time already

implicitly believed by most people concerned with such questions.

In the last two decades the study of electromagnetic interactions with

nuclei and its natural continuation to single nucleons has moved into new

fields, particularly since one has learned to use inelastic electron scattering

on nuelei and also, of course, on nueleons. By treating the electron as a

source of virtual photons, one can measure many more giant resonances: Ml, etc.,

E2, etc. Excitations char cannot be reached by rea? photons can be measured

with the help ©f virtual photons, and of course the giant electric dipole

resonance also shows up her© very nicely. Much work is being done in that way.

The field of electromagnetic interactions of nuclei is now a huge

one. To summarise what we have learned: If you want to "look" at a nucleus

in a relatively gentle way, why not use photons; and, if you cannot look

with real ones, why not use virtual ones.

I should like to thank Everett Fuller and Evans Hayward of the National

Bureau of Standards for their invaluable help in preparing this talk.
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LEGENDS TO FIGURES
1 i i n ^ v ^ v ^ i • in ii i I K • in ^

1. Picture taken by Prof. P. Harteck and kindly given to me.

2. Picture of Sir James Chadwick (from U. Massey and N. Feather, Biographical

Memoirs of Fellows of the Royal Society _22_, N°v. 1976).

3. Arrangement for measuring angular distribution of photoneutrons from

D + Y " * P + n ( J . Chadwick and M.G., Proc. Roy, Soc. London Ser. A 151,

479, 1935).

4. Reproduction of a penciled note from Rutherford to Oliphant, undated, early

1935: "Hand over 25 cc tube of heavy water to Goldhaber for the time being."

5. A summary of theoretical and experimental cross section data on the photo-

disintegration of the deuteron from threshold to 1 GeV. The solid curve

is based on a Bethe-Peierls effective range theory. The magnetic dipole

cross section of L. Hulthe'n and B.C.H. Nagle (Phys. Rev. 90, 62, 1953) has

been smoothly joined to it. The calculation of F. Partovi (Ann. Phys. NY

27, 79, 1964), represented by the symbol S, extends to meson threshold

and includes multipoles up to L « 3. The experimental data at low energies

come from the review article by L, Hulthen and M. Sugawara (Encyclopedia of

Physics 39_s p. 1, Springer, Berlin, 1957), Near 20 MeV the (Y?P) cross

section of D.M. Skopik, Y.M. Shin, M.C, Phenneger, and J.J. Murphy, II,

(Phys. Rev. _C9_, 531, 1974) coincides nicely with the attenuation measure-

ment of J. Ahrens, H.B. Eppler, H. Gimm, M. KrSning, P. Riehn, H. Wa'fflar,

A. Zieger, and B, Ziegler, (Phys. Lett. 52B, 49, 1974). The (Y,P) measure-

ments extending to 65 MeV are from L. Allen, Jr. (Phys. Rev. 2i» 705, 1955).

The (Y»P) cross section at the meson threshold region is from the work of

J. Buon, V. Gracco, J. Lefrancois, P. Lehmann, B. Merkel, and Ph. Roy (Phys.

Lett. 26B, 595, 1968).
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6. The photoneutron cross section for gold. The open circles represent the

total photoneutron cross section, <J(y,n) + O"(Y,2II) + <j(y>3n). The tri-

angles are twice o(y,2n) and the crosses ten times a(v,3n). The solid

lines are merely to guide the eye. The total cross section is fitted by

a Lorentz line having r.he parameters: E = 13.70 MeV, F = 4.75 MeV, and

a = 540 mb. These results were reported by A. Veyssiere, H. Beil,

R. Bergere, P. Carlos, and A. Lepretre (Nucl. Phys, A159, 561, 1970).

1/3
7. The giant resonance energy times A (which is proportional to the nuclear

raiiius) as a function of A (from E. Hayward, Photonuclear Reactions, NBS

-1/3

Monograph 118) . The horizontal line corresponds to the E = 80A pre-

diction of the hydrodynatnic model with up-to-date parameters. The data for

the light nuclei are from J.M. Wyckoff, B. Ziegler, II.W. Koch, and

R. Uhlig, (Phys. Rev. 137B, 576, 1965). The data for the heavy nuclei were

obtained at T.ivermore (B L. Berman, Atomic and Nuclear Data Tables 15_, 319,

1975).

8. The photoneutron cross section for tantalum, ff(Y»n) + cr(y,2n) + 3(7,pn).

Circles, triangles, and alternate dots present four independent determina-

tions of the cross section from the activation curve. The errors indicated

are standard deviations based on the counting statistics. The open and

closed squares represent various choices for the correction for the emis-

sion of two neutrons in the (y,2n) process. The solid curve is the sum of

two Lorents lines having the parameters: E =12.45 MeV, 0 = 30S mb,
a &

r * 2.3 MeV, E, = 15.45 MeV, a, » 348 mb, and I\ = 4.4 MeV. The twoa D 0 u

resonances correspond to charge oscillations along the one long and two

short axes of the nuclear ellipsoid. (From E.G. Fuller and M.S. t'eiss,

Phys. Rev. 112, 560, 1958.)
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9. The total phoConeutron cross section, a(_y,n) + a(y,2n) + cr(y,pn), measured

for a holmium target polarised parallel and perpendicular to the incident

photon bean. The solid lines are for the situation in which the unpolarised

cross section was represented by the sum of two Lorentz lines having the

parameters: Ex « 12.28 MeV, T± - 2.5 MeV, c^ = 213 mb, E, = 15.73 MeV,

r, = 5.0 MeV, and c?2 = 249 mb. (From M.A. Kelly, B.L. Berman, H.L. Bramblett,

and S.C. Fultz, Phys. R«;v. J79, 1194, 1969.)

10. Normalized lifetime-energy relations for M4 transitions with spin correc-

tion. The line shown is fitted to the experimental points and is given

by the equation

1.0 x 10*(2J. + 1)
-v (sec) = 0 Q

 x (E in >

where the simplified statistical weight correction (2J. + 1) permitted us

to lump together the isomer families from different shells. (From M.G. and

A.W. Sunyar, Phys. Rev. 83_, 906, 1951.)

11. mTc decay scheme. (From J.W. Mihelich, M.G., and E. Wilson, Phys. Rev.

S2, 972, 1951.)
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