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FR O M  THE  EDIT O RS’ DESK

T HIS ISSUE of  the SLAC Bea m Line is un usual in
several ways. Firs t, at 64 pages it is the longest issue
that we have yet produced. Second, rather than a

collage of different physics topics it concentrates on a single
theme: t he cen tennial celebration of Wilhelm Roentgen’s
discovery of X rays in 1895. Third...well, let’s back up a bit
before we write down w hat comes third.

This issue begins with an ar ticle by Philip Morrison, who
tells us, from a physics perspective, “How the 20th century
star ted ahead of time” with the discoveries of X rays,
radioactivity, and the electron. This issue ends with an
article by Virginia Trimble, who tells us how astrophysics
may go “On beyond X” into the next cen tury to view t he
Universe in t he light of gam ma rays, neu trinos, and
gravitat ional radiation.

Thus Morrison and Trimble are, in several senses, the
bookends for this issue, and what a pair of book-
ends they are! It is probably not true that
Philip Morrison and Virginia Trimble
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have read everything and k now everything. It is probably
only half true. But even the polymathic minds are not the
full story. To know it is a necessary bu t not sufficien t condi-
tion of being able to say it or write it. If t here is an exemplar
of all t hat is best in English prose style, it is probably some-
one like Bertrand Russell,  and reading Morrison and Trimble
gives rise to m uch of t he same pleasure that one takes in the
clari ty, grace, and wit of t he prose.

Bu t enough already. Part t hree of the special character of
this issue is to welcome Phil Morrison as a first-tim e con-
tribu tor to our journal, and also to emphasize our continuing
pleasure in t he superb articles that Virginia Trimble pro-
duces for each issue of t he Bea m Line in “The Universe at
Large.”
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by PHILIP MORRISO N

How the Twentieth Century
Started Ahead of Time

The Centennial Encounter
of a Physicist

NRICO FERMI is said to have evaded  some
query about a new particle with this
rebuff: “Young man, if I could

remember the names of all
those particles I would
have become a
botanist.”
(It is  true that
the first really new
particle, the neutrino,
was first understood—and,
in fact, was given its Italian
name—by Fer mi himself.)
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level t hat he was then a very foun-
tai n of oppor t un i t y to do good for
physics s t uden ts anyw here. Th is
time it was the Oklahoma City Uni-
versi ty t hat would provide m e an
audience for a rousing popular talk
on something new in physics. I can-
not really recall my topic; pret ty sure-
ly it was about quasars or supernovae
or the microwave background, some-
t h ing ou t of cu rren t as t rophysics,
presen t ed for t he in t eres t ed bu t
unspecialized studen t of physics.

The details were elided by Zach;
we always worked on m utual trust.
T here would be an evening public
lecture on the Oklaho ma City cam-
pus to which I had acceded cheerfully
long before. Bu t a luncheon m eeting
earlier in t hat day was m y first en-
cou n ter  wi t h  m y hosts.  It  was
marked by experiences unique in all
my years of such lit tle form alities.

The luncheon set t ing was not a t
all novel; a lot of people sat at table
in some club or hotel dining room,
whom I faced from my place at a long
table among a dozen or so who were
singled ou t for in t rodu ct ion. What
was novel was my luncheon partner,
who was sit ting beside me. He was a
spry and articulate elder, and I soon
learned that t his day was—at least
for official purposes—his own hun-
dredth bir t hday.  Not only was he a
m an of unrivaled seniori ty, bu t he
was the focus of the whole event, my

If I could have recalled dates well,
I m igh t have beco m e a h is torian!
Many physicists share my inner need
for such approximation, and so it is
not really remarkable that twentieth-
ce n t u ry physics i t self began a few
years early, on N ew Year’s Day of
1896. On that day Professor Wilhelm
Roentgen mailed from his  universi-
ty a t Würzberg t he preprin ts of his
for ty-n in t h paper. (His firs t for t y-
eigh t are less well k now n.) He i n-
cluded an  X-ray  photo  of  h is  ow n
hand, a piece of bone-hard evidence
for the new penetrating radiation. So
m uch t he books tell us.

My own encounter with the dawn
of twentieth century physics was per-
sonal,  bu t  of  course  second-hand.
Even so veteran a member of the APS
as myself doesn’t go all the way back
to Gibbs and Hel m hol tz. Bu t  t he
anecdot e m akes vivid con nec t ion
wit h Roen tgen on t his presen t oc-
casion, the hundredth anniversary of
his recognition of X rays.

T he s tory u nfolds i n an u nex-
pected location in space-time, Okla-
homa City,  Oklahoma, about  1976.

I  found m yself  i n O kla ho m a
t hrough the for m idable persuasive
powers of Jerrold Zacharias, physi-
cist and impresario at MIT. Zach had
already draw n m e to MIT years
before. He was so energet ic and ef-
fective as an organizer and standard-
set ter for science educat ion at every

X-ray photograph
of a snail shell
taken by SLAC
physicist Hobey
DeStaebler at the
Stanford Physics
Department in
1962 (×2.4).
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lecture and all. A pillar of Oklahoma
City life, he was a generous bene-
factor to the City University, and the
ow ner, if I re me m ber well, bot h of
t he city’s main newspaper and of its
chief TV station. Plainly he was ruler
on this day of all days.

I was there, a visitor from MIT, to
speak about physics on campus at his
express request for a good lecture. He
had very sou nd reason; t he now-
powerfu l  cen tenarian had been a
physics st udent while an u ndergrad-
uate, and he st ill loved and admired
the subject. He had drifted away into
a long career in journalism to reach
an elevated level of achievement, but
he st ill wan ted to talk physics when
he could. At some point I came to ask
h i m abou t h is days as a st uden t of
physics so long ago, and he unfolded
t his wonderful narrative.

He was then a student at Colorado
College i n Colorado Springs.  O ne
morning in January 1896 he came to
t he physics lect ure room as usual.
But the lecturer was filled with un-
co m m on  exci t e m e n t . (Here I can
only paraphrase what I recall from
m y hundred-year-old companion .)

“Gentlemen,” began the lecturer,
“something so unusual has happened
t hat I wan t to seek your help. If you
consent, we will not simply go ahead
with the planned lecture. Instead we
will all work toget her in t he lab to
an amazing new purpose.

“ T h is m or n-
ing’s newspaper
brought a repor t
t hat  a  Ger m an
professor has dis-
covered an ex-
traordinary new
for m of radia-
tion, one so pen-
etrating that for instance he is able
to photograph the bones within the
living hand, or a coin hidden inside
the pages of a thick book. T he sto-
ry is not very complete, bu t it says
enough about how it was done that
I think we could duplicate the results
with apparatus we have right here in
our college laboratory.

“It would be wonderful to do that,
and perh aps we m igh t even be the
first in all America to repeat his re-
sult, since we are get t ing started in
the first hours of the morning. Let’s
get going; first  we’ll collect what we
need and then set it up.

“If we all work toget her we can
easily do t he job by lunchti me. Will
you join me?”

The delighted class set about the
task. The needed materials were all
soon found on the lab shelves: the big
sparky induct ion coil, t he Crookes
t ube, t he fluorescen t scree ns, t he
darkroo m m a terials, t he fil t ers of
black paper....Soon i t all ca m e t o-
get her. And i t worked! By lu nc h-
time my host recalled running over

X-ray photograph
of two spring-

blooming daffodils
taken by Hobey

DeStaebler (×0.5).

The interior of
Roentgen's
laboratory at
Würzburg.
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t o t he Colorado
College chapel to
bor row a  large
Bible in w hose
pages they could
hide a silver coin.
T he excite m en t
was unforgettable.

Of course they were not to be the
firs t in Am erica to run t he experi-
m en t . For t he morning papers had
carried t he s tory very widely. Col-
orado had an irremediable handicap:
i ts longitude. So far west, they were
la te  i n  s tar t ing,  beh ind t he  m any
physics labs of the Eastern time zone
a couple of hours as the earth t urns.
Ma ny h ad had a si m ilar idea, and
som e of the Easterners would surely
be first. I have no real data on exact
ti m es or even dates, bu t I do know
that Penn, Princeton, Colu mbia, Cor-
nell, Harvard, Dart mout h, and oth-
ers recal l very pro m pt repet i t ions
of Roen tgen’s wonderful result.

This result came as t hough a seed
crystal had been dropped in to a sat-
urated solu t ion!  T he new physics
crystallized out everywhere at once;
the requisite apparat us was already
there in all  serious labs around the
world. On the 20th of January, Henri
Poincaré, w ho had received a N ew
Year preprint from Roentgen himself,
showed the marvelous photos to the
session of t he Paris Academy. Henri
Becquerel was t here, a n exper t on
fluorescence like h is fa t her before
him, and by March 2 Becquerel had
found, largely by happy accident, that
a uraniu m compound emit ted som e
such act ive radiat ion spon taneous-
ly,  wi t hou t  requir ing exposu re  to
ligh t or any other energizing input.
Radioact ivity had been discovered,

and the  physics  of  the  twentieth  cen-
tury had begun, for good and for ill.

Wha t a  s tory!  Yet  i t  was to be
capped that very evening. Of course
I  could not  fail  to re-tell  t he phys-
ics s tudent’s bir thday story as a pref-
ace to my lecture. It wen t well, al-
though certainly it was a digression.
After my talk, a young man came up
to speak to m e. He was no u nder-
graduate; he in troduced hi m self as
a physics postdoc at work for a year
or t wo in Oklahoma. His home was
Ger many,  w here  he  had  taken  h is
doctor’s degree. What he told me was
a family story that he had first heard
in his childhood, often told and re-
told in his presence. It was his elderly
uncle, a physician, who was the sto-
ryteller.

That man had been a medical stu-
dent in Würzberg in 1896. He took
physics from Roen tgen. One day t he
Professor told his physics class of his
rece n t work and de m onst ra t ed i t
briefly. Now, it is an ancient custom
in t he Germ an universi ties for st u-
dents to indicate high pleasure and
approval by remaining seated in place
while beating their shoes smartly on
the floor. In the usual lecture theater
t here t he sea ts rise up in rows step
after step, to allow all to view the lec-
ture table. The floor structure is thus
hollow and resonant,  and t he noise
of t he foo tbea ts is grand. T he s t u-
dents t hat day approved mightily of
Roen tgen’s m iracle, and con tinued
t heir racket, so U ncle reported, for
one f ull  hour wit hou t  s topping.
Twentieth-century physics was made
welcome for the first ti me.

It is curious that t he best-known
finding of twentieth century physics
was m ade in t he sa m e well-seeded

Roentgen out walking later in life.
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con text on the brink of WWII in Jan-
uary 1939. T he celebrated Berlin ex-
peri menter Lise Meit ner, newly ex-
iled in Sweden, spent Christmas Day
in a park near Stockholm with a vis-
itor from Copen hagen, her younger
nephew, physicist Robert Frisch. The
two talked over the amazing new re-
por t  from Meitner’s old lab t ha t
demonstrated that uranium upon ir-
radiat ion by neu t rons yielded ra-
dioactive products that included not
only the expected elements close to
uraniu m in atomic weigh t, but one
that was only about half as heavy. At
one poin t  in t he conversat ion they
bot h ca m e t o an explan at ion and
soon m utually understood that ura-
niu m had fissioned into two heavy
fragm en ts,  and t hat  t he fragm en ts
m ust fly apart wi th unpreceden ted
energy, to be detectable by the heav-
ily ionized tracks they left in matter.
Wit hin t wo weeks Frisch had seen
on t he oscilloscope screen t he u n-
m istakable st rong spikes of ioniza-
tion they had expected.

Their news came out even before
publication, by word of mouth direct
from Niels Bohr, who had sailed off
to a conference in Washington held
in t he last week of Jan uary.  Wit h-
in days eager ph one cal ls back to
home labs by the physicists who had
heard Bohr had induced the produc-
t ion of  t hose very spi kes in m any
places (I  saw t he m m yself  t hen a t
Berkeley); wit hin weeks they were
certainly familiar all over the world.
You had mainly to scrounge a small
amount of uranium compound in the
ch e m is try s toreroo m . T he fission
spi kes were easy to fi nd wit h t he
lit tle ion chambers, oscilloscopes of
modest gain, and weak neutron sour-

ces that every serious nuclear phys-
ics lab then held, as forty-three years
before every lab working with elec-
t rical discharges t hrough gases al-
ready had its Crookes vacuu m t ube
and high voltage source on the shelf.

History had repea ted i tself. T he
first time the stunning discovery was
rather ligh t-hearted, in t hose shad-
ow photos through closed books and
bony hands,  bu t  t he second ti me it
was fateful. By the spring of 1940 six
governments, all of them already at
or  close  to  war,  had each for med its
ow n ini t ial organizat ion t o see k
large-scale energy from uraniu m.

For t he las t fe w years we have
com e to share reason for  hope t hat
t he hu ndred t h an niversary of  fis-
sion, when it arrives, will indeed be
co m m em orated  m ainly  a mong  t he
physicis ts, and no t everyw here to
universal public dis m ay instead of
prolonged applause.

This X ray image, taken in North
Providence, Rhode Island, Thursday,
Feb. 16, 1995, shows a diamond ring
that was swallowed by a robber to fool
police.
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The discovery of X rays

in 1895 was the

beginning of a

revolu tionary ch

in our understan

of the physical w

IN  bir thday, and the year

rship of the University

of W ntgen noticed a bariu m

 in his laboratory as he

generated cathode rays in a Crookes t ube some dis tance away.

Leaving aside for a time his du ties to the university and to his

studen ts, Rector Roen tgen spen t the next six weeks in his labora-

tory, working alone, and sharing nothing with his colleagues.
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T hree days before Christ m as he
brough t his wife in to h is labora to-
ry, and they em erged wit h a photo-
graph of the bones in her hand and of
the ring on her finger. The Würzburg
Physico-Medical Society was the first
t o hear of t he new rays t hat cou ld
penetrate the body and photograph
i t s bones. Roen tgen delivered t he
news on the 28th of December 1895.
Emil Warburg relayed it to the Berlin
Physical Society on t he 4t h of Janu-
ary. T he next day t he Wiener Press
carried t he news, and t he day fol-
lowing word of Roentgen’s discovery
began to spread by telegraph around
t he world.

On the 13t h of January, Roen tgen
presented himself to the Kaiser and
was awarded the Prussian Order of
the Crown, Second Class. And on the
16t h of Jan uary t he T he Ne w-York
Ti m es an nounced the discovery as
a new for m of photography,  w hich
revealed hidden solids, penetra ted
wood, paper, and flesh, and exposed
the bones of the human frame. “Men
of science in t his city are awai ting
wit h  t he  u t m os t  i m pa t ien ce  t h e
arrival of English technical journals
w hic h will give the m t he fu ll par-
ticulars of Professor Roentgen’s dis-
covery of a method of photographing
opaque  bod ies, ” T he N e w-York
Ti mes began, and it concluded by pre-
dicting the “ transformation of mod-
ern surgery by enabling the surgeon
t o detec t t he presence of foreign
bodies.” (Jan. 16, 1896, p. 9)

The public was ent hralled by this
new for m of photography and curi-
ous to know t he nat ure of  t he new
rays. Physicians put it to im mediate
use. Physicists sat up and took no-
tice. The discovery of X rays was the
first in a series of t hree discoveries

that jolted the fin-
de-siècle disci-
pline  ou t  of  i t s
m ood of finali t y,
of closing dow n
t h e  boo ks  wi t h
ever m ore precise
measurem en ts, of
losing i tself in de-
bates over statistical
mechanics, or of try-
i ng to grou nd al l
physical phenomena in
mathem atically precise
fluctuations of  t he ether.
All three discoveries, X rays,
urani u m rays, and t he elec-
t ron,  followed  fro m one  of  the
major experimental traditions in the
second  half  of  the  n ineteen t h
cen t ury,  t he study of  t he discharge
of elect rici ty i n gases. All t h ree
con tribu ted to a profound transfor-
mat ion of physics. In the 20t h cen-
tury, the discipline has been ground-
ed i n t he s t udy of  ele m en t ary
particles.

As wit h t he inve n t ion of i n-
candescent ligh t
bulbs,  t he s tudy
of electrical dis-
charge t hrough
gases was m ade
possible by t he
develop m en t  of
i m proved vacu-
u m technology
in the 1850s. Ear-
ly on, English
scie n t is ts were
investigating the
pat terns of ligh t
and dark that ap-
peared in sealed
lead-glass t ubes.
T he pat ter ns  in

Wilhelm Conrad Roentgen (1845–1923).
(Courtesy of AIP Emilio Segré Visual
Archives)

Forms of tube used by Roentgen
in 1895–1896 for the production
of X rays.
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t ransparen t  to  u l t ra-viole t  light .
When Heinrich Hertz found that he
cou ld pass t he rays t hrough m etal
foil, a fellow Ger man scientist, Philip
Lenard, began to s t udy the m more
carefully.  Lenard designed a t ube
wit h  a  th in  alu m in u m win dow
t hrough w hich t he rays cou ld
e m erge, a nd he m easured how far
t hey cou ld t ravel and s t ill i nduce
fluorescence. Defined in t his way,
the range of the cat hode rays was six
to eigh t ce n t i m e ters. Lenard’s ex-
periments inspired Roentgen to won-
der if the rays in an at tenuated for m
really t raveled far t her, and he
planned experi m en ts to see if a
sensi t ive electroscope would mea-
sure a discharge at four t i m es t he
distance Lenard had identified.

T h is line of work was ou tside
Roen tgen’s usual research pursuits,
which had by t his  t ime gained him
great stature in German science. Son
of a clot h m an ufact urer  and m er-
ch an t  fro m t he Rhi ne provin ce,
Roen tgen was not a par t icularly
diligen t  st uden t  in h is  you t h.  He
even t ually m ade h is way to t he
Poly tech n ic  in  Zurich,  w here  he
obt ained a diplo m a in m echan ical
engin eering i n 1868 a nd a doctor-
ate one year la ter.  In Z urich he
became an assistant to August Kundt
an d m oved along wit h hi m t o t he
University of Würzburg, and then on
to t he Physical Ins t i t u te a t Stras-
bourg. His first move on his own was
to t he chair of ph ysics a t G iessen
in Hesse in 1879,  from w hich he
received many offers to go elsewhere.
T he pat h upward in t he Ger m an
university system was to follow calls
to universi t ies  of  higher and higher
s ta t ure,  an d fi nally t o obt ain an
ins t i t u t e  of  one’s  ow n.  Roen tgen

these partially evacuated tubes were
stim ulated by a voltage drop between
a ca t hode and an anode: typical ly
t here was a dark space, cal led
Crookes’ dark space; t hen  a  glow,
called negat ive ligh t; t hen anot her
dark space, this one called Faraday’s;
and a final glow of posi tive ligh t. If
the air in  the tube was exhausted un-
til t he first dark space expanded to
fill the en tire t ube and all glows dis-
appeared, then the rays emit ted from
t he cat hode cou ld be inves t igated.
T he rays cast shadows, and were
deflec ted by m agnet ic fields, bu t
appeared to be i m m u ne to t he  ef-
fects of static electric forces.

As was to be characteristic of the
new ray physics to co me—t he phys-
ics of cathode rays, X rays, alpha rays,
beta rays, gam ma rays, and N rays—
the nature of the cathode rays was in
dispute, the British favoring a stream
of particles, those on the Cont inent
preferring to think of them as some
sort of disturbance of the ether. (The
British position, and the research pro-
gram developed by J.J. T homson a t
the Cavendish Laboratory to s tudy
ionization in gases, would result in
the discovery of the electron. But our
story does not take us that way).

A strong reason for believing that
the cathode rays were par ticles was
t he observa tion t hat  t hey wou ld
no t  pass t hrough m at ter  t hat  was

Sir Joseph John Thomson, 1856–1940.
(Courtesy of the AIP Niels Bohr Library)

Roentgen’s apparatus for studying the
ionization of air by X rays, 1906.
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refused the calls un til the Universi-
t y of Würzburg offered hi m t he
Directorship of their Physical Insti-
t ute. In 1894 he was elected Rector
at Würzburg. In his ina ugural ad-
dress, given the year before his dis-
covery of X rays, Roen tgen s ta ted
t hat t he “ universi ty is a nursery of
scien tific research and men tal edu-
cation” and cau tioned t hat “pride in
one’s profession is demanded, but not
professional concei t , snobbery, or
acade m ic arrogance, a ll of w hich
grow from false egoism.”*

Roen tgen’s pride could rest in the
over for ty papers he had published
from Strasbourg,  Giessen,  and
Würzburg. These early in teres ts
ranged widely—crys tals, pyroelec-
trical and piezoelectrical phenomena,
and the effects of pressure on liquids
and solids—but did not yet include
electrical discharges in gases. He had
t ake n his  t ur n a t  m easuring t he
specific heat ratios of gases using a
sensi t ive ther m o m eter of h is ow n
m aking. He was an exact experi-
m en ter w ho oft en m ade his ow n
apparatus—a skill learned during his
t raining as an engineer in Zurich—
and he was able t o m easure ex-
t rem ely s m all effec ts, su rpassing
even Faraday’s  m easure ment  of  the
rotation of polarized light in gases.

Roentgen turned to a new interest
in October of 1895: the study of cath-
ode rays. In t he course of repeat ing
the experiments of Hertz and Lenard,
he happened to notice a glowing flu-
orescen t screen se t off qui te so m e
distance from the Crookes’ tube he
was operating. The screen sat m uch
far t her away t han t he six to eigh t

cen t im eters t hat Lenard had found
to be t he m axi m u m dis t ance for
which cat hode rays m ain tain their
power to induce fluorescence. Roent-
gen recognized t he effect as wor-
t hy of  his  undivided at ten tion and
devoted t he nex t six weeks t o i t s
unin terrupted study.

Historians have speculated about
why Roen tgen was t he firs t to rec-
ognize the significance of this effect.
The equipm en t, a cat hode ray t ube
and a fluorescing screen, had been in
use for decades. In 1894 J.J. Thomson
had seen fluorescence in Ger m an-
glass t ubing several fee t fro m t he
discharge tube. O t hers had not ed
fogged p ho tograp hic pla tes. Bu t
before Lenard’s work, t he object of
st udy was always t he effects inside
the tube itself, and stray ultra-ultra-
violet light could be used to explain
the fogging of  photographic plates.
Lenard’s great in terest was in prov-
ing, in con tradiction to t he British,
the et hereal nature of cat hode rays,
and  he  was  t he  firs t  t o  s t udy  t he

Demonstration by Crookes that cathode
rays travel in straight lines: a) cathode;
b) aluminum cross and anode; d) dark
shadow; c) fluorescent image.

Phillip Lenard, 1862–1947. (Courtesy of
Ullstein Bilderdienst and the AIP Niels
Bohr Library)

*Q uoted in “Wilhelm Conrad Roentgen,”
Dictionary of Scientific Biography
(New York: Scribner’s, 1975), p. 531.
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effects of t he rays in air or in a sec-
ond glass tube into which he directed
them.

Roen tgen, a m et icu lous and ob-
servan t experi m en ter, m ade t he
obvious t es ts  on t he ne w X rays:
Were t hey propagat ed in s t raigh t
lines? Were they refracted? Were they
reflected? Were t hey dis t inct from
cat hode rays? What were they? Like
t he ca t hode rays, t hey m oved i n
straigh t lines. Roen tgen was unable
to refract t hem with water and car-
bon bisulphide in mica prisms. Nor
could he concentrate t he rays wit h
ebonite or glass lenses. With ebonite
and alu minu m prisms he noted t he
possibility of refracted rays on a pho-
tographic plate but could not observe
t his effect on a fluorescen t screen.
Testing further, he found that X rays
could pass freely t hrough t hick lay-
ers of finely powdered rock sal t ,
electroly t ic sal t powder, and zinc
dus t, un like visible ligh t w hich,
because of refraction and reflection,
is hardly passed at all. He concluded
that X rays were not susceptible to
regular refraction or reflection.

Roen tge n found t hat t he X rays
origina te fro m t he brigh t  fluores-
cence on the tube where the cathode
rays strike the glass and spread out.
T he poin t of origin of t he X rays
moves as the cathode rays are moved
by a m agnet ic field, bu t t he X rays
t he m selves are i nsensi t ive to t he
m agnet . Roen tgen concluded t hat
they are distinct from cat hode rays,
since Lenard’s work had shown that
ca t hode rays passing th rough t he
t ube m ain tained t heir direc t ion
bu t were suscept ible to m agnet ic
deflection.

Roentgen justified calling the new
pheno m e na rays because of  t he

O, Röntgen, then the news is true,
And not a trick of idle rumour,

That bids us each beware of you,
And of your grim and graveyard humour.

We do not want, like Dr. Swift,
To take our flesh off and to pose in
Our bones, or show each little rift

And joint for you to poke your nose in.

We only crave to contemplate
Each other’s  usual full-dress photo;
Your worse than “altogether” state

Of portraiture we bar in toto!

The fondest swain would scarcely prize
A picture of his lady’s framework;
To gaze on this with yearning eyes

Would probably be voted tame work!

No, keep them for your epitaph,
these tombstone-souvenirs  unpleasant;

Or go away and photograph
Mahatm as, spooks, and Mrs. B-s-nt!

—Punch, January 25, 1896

shadowy pict u res t hey produce:
bones in a  hand,  a  wire wrapped
arou nd a bobbin, weigh ts in a box,
a co m pass card and needle hidden
away in a m etal case, the in hom o-
geneity of a metal. The ability of the
new rays to produce phot ographs
gave them great popular appeal and
brough t Roentgen fame. Many ar ti-
cles appeared in photography jour-
nals,  and T he N e w-York Ti m es in-
dexed t he ne w discovery u nder
photography. Since the rays exposed
pho tograph ic pla te, t he public as-
sumed they were some form of light.
The physicist Roen tgen concurred.
Accepting Lenard’s claim that cat h-
ode rays were vibrations of the ether,
Roen tgen compared the new rays to
them and forwarded the opinion that
the two were ethereal, although dif-
feren t fro m visible, infra-red and
ultra-violet light in that they did not
reflect or refrac t. He suggested that
cathode rays and X rays were longi-
tudinal vibrations of the ether rather
than transverse ones.

N ow t hat t heir exis tence was
established, i t was easy enough to
experi m en t wit h t he new X rays.
Roen tgen hi m self  published only
three papers on t he subject, but oth-
ers ju m ped quickly in to t he field.
And no t jus t  physicis ts.  Thom as
Edison used modified incandescent
light bulbs to produce the new rays.
He boasted to  repor ters  t hat  any-
one cou ld m a ke phot ographs of
skeleton hands; that was mere child’s
play. Within a mont h of Roentgen’s
announce ment doctors were using
the X rays to locate bullets in human
flesh and photograph broken bones.
Dr. Henry W. Cattell,  Demonstrator
of Morbid Anatom y at t he Univer-
sity of Pennsylvania, confirmed their

Heinrich Rudolf Hertz, 1857–1894.
(Courtesy of Deutsches Museum and
AIP Emilio Segrè Visual Archives)
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i m por tance for  the diagnosis  of
kidney stones and cirrhotic livers and
co m m en ted t hat “ T he su rgical
imagination can pleasurably lose it-
self in devising endless applications
of th is wonderfu l process.” (T he
New-York Ti mes, Feb. 15, 1896, p. 9).
In the first six months after their dis-
covery Viennese m um mies were un-
dressed, doctors claimed to have pho-
tographed t heir own brains, and the
human heart was uncovered. By 1897
t he rays’ dangero us side began to
be reported: examples included loss
of hair  a nd sk in bur ns of  varying
severity.

Electricians and physicists specu-
la ted on t he na ture of t hese X rays.
Alber t Michelson t hough t t hey
m igh t be vor t ices in t he e t her.
T ho m as Edison and Oliver Lodge
suggested acoustical or gravitation-
al waves. Bu t t he rays abili ty to pho-
t ograph was decisive,  a nd serious
t hinkers set t led on t hree possibili-
t ies, all of them of electromagnetic
origin: the waves were very high fre-
quency ligh t; they were longitudinal
waves (Roentgen’s initial suggestion);
or t hey were t ransverse, discon t in-
uous im pulses of the ether.

Quite early on the hypothesis that
t hey were longi t udinal waves was
discarded,  despit e  t he suppor t  of
Henri Poincaré and Lord Kelvin. The
crux of the question was whether the
waves were polarizable. If so t hey
could n ot be longi t udinal waves.
Alt hough t he early experi men ts on
polarization were negative or unclear,
wit h t he discovery of  a not her ray,
Henri Bequerel’s u ran iu m rays for
which he claimed to have found po-
lariza t ion,  t hose  on  the  Con t inen t
set up a convincing typology. It went
from lower  to  h igher  frequency

transverse ethereal vibrations: light,
uraniu m rays, X rays. Uranium rays
were given off by certain minerals,
and they needed no apparatus to pro-
duce t hem, but t hey shared certain
properties with X rays. They exposed
photographic plates and they caused
gases to conduct electricity.

Bri t ish physicis ts  weighed in on
the side that X rays were impulses in
the  e t her  ra t her  than  con t in uous
waves. Lucasian Professor of Math-
e m at ics a t Ca m bridge, Sir George
Gabriel Stokes, and his colleague and
director of the Cavendish Laborato-
ry, J.J.  T ho m son,  co m m it ted  t he m-
selves to the i mpulse hypothesis in
1896. It was consis ten t wi t h t heir
conception of cat hode rays as parti-
cles (Thomson was to announce the
discovery of the corpuscle or electron
one year later.) The abrupt stop of a
charged particle would result, after a
t iny delay, in t he propagat ion ou t-
ward of an electro m agnet ic pulse.
With Thomson’s exact measurement
of the charge-to-mass ratio and H.A.
Loren tz’ successfu l  t heory of  t he
electron, w hich explained m any
i n t rigu ing phen om ena,  Con ti nen-
tal physicis ts began to accept , t o
Len ard’s  dis m ay,  ca t hode rays  as
m at erial par t icles and X rays as
i mpulses in the ether.

So o n  n e w  r e s u l t s  b e g a n  t o
co m e i n .  Tw o D u t ch  p hysic i s t s ,

First X ray made in public. Hand of the famed
anatomist, Albert von Kölliker, made during
Roentgen's initial lecture before the Würzburg
Physical Medical Society on January 23, 1896.

Henri Poincaré, 1854–1912. (Courtesy of
AIP Emilio Segrè Visual Archives)
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Hermann Haga and Cornelius Werd,
announced that X rays could be dif-
fracted, and a Privatdozen t a t Göt-
t ingen n a m ed Arnold Som m erfeld
carried ou t a m at he m atical analy-
sis of diffraction to show that t heir
resul ts could be explained in terms
of aperiodic im pu lses. In 1904,
Charles Glover Barkla, a studen t of
both Stokes and Thomson at Ca m-
bridge, showed t hat X rays were
plane polarizable while experiment-
i ng wit h secondary an d ter t iary
X rays. (T hese were produced by
directing X rays against solids.)

As X rays began to show, more and
more, the properties of ligh t, urani-
u m rays provided ne w m ysteries.
They t hemselves were composed of
three sorts of distinct rays: α, β,  and
γ rays. What were t hese? Sudden ly
physics, which had seem ed to some
to be co m ing t o a conclusion, was
faced wit h unexplainable, quali ta-
tive discoveries. T hey were not “in
the sixt h place of the decimals,” as
Michelson had predic ted.  At t he
in ternational congress on physics,
staged in Paris in 1900 by the French
Physical Society, fully nine percen t
of t he papers delivered were on the
new ray physics.

In 1899 Ernest Rutherford, another
s tuden t  of  T hom son’s  and  t he  m an
who would become his successor as

WE WA NT TO K N OW

If the Roentgen rays, that are way ahead,
Will show us in simple note,

How, when we ask our best girl to wed,
That lump will look in our throat.

If the cathode rays, that we hear all about,
When the burglar threatens to shoot,

Will they show us the picture without any doubt,
Of the heart that we feel in our boot.

If the new x-rays, that the papers do laud,
When the ghosts do walk at night,

Will show ’neath our hat to the world abroad
How our hair stands on end in our fright.

If the wonderful, new, electric rays,
Will do all the people have said,

And show us quite plainly, before m any days,
Those wheels that we have in our head.

If the Roentgen, cathode, electric, x-light,
Invisible! Think of that!

Can ever be turned on the Congressman bright
And show him just where he is at.

Oh, if these rays should strike you a nd me,
Going through us without any pain,

Oh, what a fright they would give us to see
The mess which our stomachs contain!

—Homer C. Bennett,
Am erican X-ray Journal,  1897

director of the Cavendish Laboratory,
had separated α rays, s toppable by
metal foil or paper sheets, from the
m ore pene tra t ing β rays. In 1900,
Rut herford had iden t ified t he βs as
high-speed electrons: deflected in a
magnetic field they showed the cor-
rec t charge-to-m ass ra t io. A t h ird
co m pone n t of t he u ra niu m rays,
undeviable and highly penetra ting,
was discovered by Paul Villard at the
Ecole N or m ale Superieur in Paris.
Ru t herford na m ed t hese γ rays. In
her 1903 t hesis Marie C urie m ade
these comparisons: γ rays to X rays;
β rays to cathode rays; and α rays to
canal rays. (Canal rays were strea ms
of positively charged molecules.)

A few years later ano t her s tory
ca m e  ou t.  T he Bri t ish scien t is t
William Henry Bragg announced in
1907 t hat X rays and γ rays were not
in fact et her waves, bu t ra t her par-
ticles, a neutral pair at that: electron
plus posi t ively charged par t ic le.
Bragg’s serious research began a t a
la te age, 41, after t wen ty pleasan t
years at the University of Adelaide,
Australia, where he played golf and
hobnobbed wi t h gover n m en t of-
ficials. He an no u nced his n ew in-
tellect ual work in a Presiden t ial
Address to t he Australian Associa-
tion for the Advancemen t of Science
during w hich he m ade a cri t ica l
review of Ru t herford’s  work,  ques-
t ion ing t he law of exponen t ial
decrease for the absorption of α rays.
For two and a half years he published
a paper every few months, work that
led h i m to m ake t he radical s ta te-
men t that X rays were part icles. His
idea was based on two facts: (i) X rays
excite fewer gas molecules in their
pat h t han would be expec ted from
a wave-like dist urbance, and (ii) t he

Arnold Johannes Wilhelm Sommerfeld,
1868–1951. (Courtesy of the AIP Niels
Bohr Library)
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velocity of the electrons excited by
X rays is greater than could be giv-
en to t hem by a wave. By  t his  tim e
Bragg and his physicist son were back
in England, and their theory caused
great controversy even in the country
w here par t icles were in favor and
w here exotic m odeling of physical
phenomena was well tolerated. Their
m ost vociferous opponen t was
Charles Barkla, who argued that the
ionization of mat ter was a secondary
effect no t n eeding to be direc t ly
at tributable to the wave-like nat ure
of X rays. We will return later to the
proble m of t he concen trat ion of X-
ray energy, unexplainable in ter ms
of  waves,  as  i t  bears  on  Lou is  de
Broglie’s insight into the wave nature
of mat ter.

X RAYS AS A PROBE OF THE
STRUC TURE OF MATTER

Before we turn to our final act in
t he al most thir ty year drama to un-
derstand the nat ure of X rays, let us
t urn aside to follow anot her direc-
t ion t hat  t he work on X rays took,
a shift from the investigation of the
nature of X rays to their use in prob-
ing t he st ruct ure of crystals and of
atoms. That story will take us back
to Roentgen and the center for phys-
ics he bu il t up a t M u nich. While
at  Würzberg,  Roen tgen had been
agi ta t i ng for an ext ra posi t ion in
physics.  He wan ted a posi t ion for
t heoretical physics, a newly emerg-
ing specialty of Germ an origin that
followed by several decades the crys-
t allizat ion of physics i tself i n t he
m id-nin et een t h cen t u ry. (In 1871
Ja m es Clerk Maxwell hesi t a ted in
giving his support to the creation of
a Physical Societ y in London.  He

wondered whether such a discipline
distinct from chemistry existed!)

When in 1899 Roen tgen was of-
fered  a  posi t ion  a t  M unich  and
the chance to build up physics there,
he accept ed. Five years la t er, i n
nego t ia t ions wi t h t he m in is ter of
educat ion over anot her possible
move, this time to the Reichsanstalt,
Roen tge n received, in ret urn for a
pledge to stay in M unich, a second
inst itute, for t heoret ical physics, to
co m ple m en t  his  exis t ing ins t i t u te
for experimental physics. When Emil
Coh n a nd E m il  Weic her t  s ucces-
sively declined the offer of a position,
i t was given to Privatdozen t Som-
m erfeld, w ho joined Roe n tgen in
Munich and shared his desire to build
up physics there to the quality of the
instit utes in Göt tingen, Berlin, and
Leipzig.  In t he work on quan t u m
t heory of t he n ext t wo decades,
Munich would join Copenhagen and
Göttingen as the main centers on the
Continent.

Som m erfeld was in it ially u nen-
thusiastic abou t assistan t Max von
Laue’s idea t hat regularly spaced
atoms in a crystal might act as a dif-
fraction grat ing for X rays, t he fine
distances between the atoms serving,
as no hand- or machine-ruled grating
could, to diffract ult ra-high frequen-
cies.  If,  of  course,  that  is  what  one
t hough t X rays were! So m m erfeld,
pushing the impulse hypothesis, was

Radiographs of tropical fish made
by J.N. Eder and E. Valenta of Vienna,
Jaunary 1896 and presented to
Roentgen. (Burndy Library, Dibner
Institute, Cambridge, Massachusetts.)

Roentgen picture of a newborn rabbit made
by J. N. Eder and E. Valenta of Vienna, 1896.
(Burndy Library, Dibner Institute, Cambridge,
Massachusetts.)
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engaging in dis-
cussions  wi t h
Johannes Stark
over the quan-
t u m  nat ure  of  X
rays. Stark was
one  of  t he  few
physicis ts  w ho
in 1911 took se-
riously Einstein’s

suggestion that light comes in quan-
ta of energy. Applying the notion to
X rays, Stark was able to assign them
a frequency and to explain the high
veloci ty of elect rons t hat had been
excit ed by X rays, one of t he phe-
nomena that so exercised Bragg and
Barkla.

Laue persisted in asking that t he
experi men talis ts t ry ou t X rays on
crystals. A student of Max Planck’s
(i n fact ,  his  favori te), La ue h ad
worked on a t heory of t he in terfer-
ence of ligh t in plane parallel plates.
By 1912 his specialty had become the
theory of rela tivity, bu t he was not
averse to following Som m erfeld in
working on a theory of diffract ion.
Laue’s guess was t ha t i t wou ld be
only the secondary X rays,  not  t he
chaot ic Bre m ss trahlu ng iden t ified
wi t h t he in i t ia l decelera t ion of
electrons, t hat would interfere con-
s t ruct ively in t he crys tal. In April
1912 Walt her Friedrich a nd Pa ul
Knipping shone secondary X rays on
copper sulfate and zinc sulfa te sur-
faces a nd fou nd t hat  dark spots  in
successive circles appeared on pho-
tographic plates placed behind them.
At this time both the nature of X rays
and the struct ure of  crystals  was a
puzzle.  Laue’s analysis of t he situa-
t ion was to  iden t ify  five  dis t in ct
wavelengt hs of inco m ing X rays
bet ween 1.27 and 4.83 × 10−9 c m .

White radiation Laue diffraction pattern from the protein
trimethylene dehydrogenase (an enzyme that catalyzes the

conversion of trimethylamine to dimethylamine and
formaldehyde) recorded on SSRL beam 10–2 with a 5 msec

X-ray exposure. The photograph was taken by Scott Matthews
and Scott White of Washington University, St. Louis, and Mike

Soltis, Henry Bellamy, and Paul Phizackerly of SSRL/SLAC.

Later others would suggest that the
crystal  itself  i m posed structure on
t he inco ming radiat ion.  Laue pub-
lished a ra t her long ar t icle on h is
t heory of diffract ion in t he En zy k-
lopad ie der Mathe m atische  Wis-
senschaften,  and m uch later (1941)
he wen t on to publish a 350-page
review of  t he  subjec t, Roen tgen-
strahlen-Interferenzen, in which he
included t he effects of elec tron
interference.

Perhaps as was fi t ting for an early
proponent of relativity and a defender
of Einstein throughou t the Nazi pe-
riod, Laue m ade li t t le of quan t u m
theory and remained skeptical of the
Copenhagen in terpretation through-
ou t his life. He beca m e director of
the Kaiser Wilhelm Institu te in the
years before World War II, resigning
his position in 1943, at which t ime
t he Inst i t u te was directed towards
the building of an atomic bomb un-
der the leadership of Werner Heisen-
berg. After the war Laue worked to
rebuild Germ an science. In t he fall
of 1946 he helped create the German
Physical Society in the British Zone,
and worked to revive the first of the
nat ional  bu reaus of  s tandards,  t he
Physikalische-Techn i sche-Reich-
sanstalt.  Towards the end of his life
he assu m ed t he directorship of t he
now one of several Kaiser Wilhelm
Instit utes, this one devoted to elec-
trochemistry in Berlin-Dahlem. Laue
died in an au to acciden t at the age of
eighty-one.

Laue was represen tat ive of t he
Ger man talen t for institu tion build-
ing in the support of science and the
Ger m an fascinat ion for fundam en-
tal pri nciples and t heories. T hose
w ho would apply Laue’s idea a nd
bu ild  on Friedr ich and Knippi ng’s



experi m en t al  de m onstrat ion were
the Brit ish , specifically t he Braggs
and Henry Moseley. In view of t he
German results the Braggs had come
to believe that X rays were of an elec-
tromagnetic nature, bu t they insist-
ed that the rays m ust have some sort
of dual existence as they were able
to concen trate their energy. But the
continuing puzzle as to t heir nature
did not stop the Braggs from recog-
nizing the practicability and i mpor-
tance of a new field of st udy, X-ray
crystallography.

T he new field was pioneered by
the Braggs. They were inspired by the
Cambridge theorists who argued that
a diffraction grating imposes a struc-
t ure on an inhomogeneous pulse of
w hite ligh t , picki ng ou t , as if in a
Fourier transform, t he wavelengt hs
in to which the beam can be decom-
posed. William Henry Bragg and his
son, William Lawrence Bragg, argued
by analogy that the crystal, by din t
of t he dis tance be t ween planes of
atom s, imposes a si m ilar structure
on an in ho m ogen eous pulse of  X
rays. When the X rays are reflected
off two successive planes of atoms in
t he crystal, t hey interfere construc-
tively if the difference in the distance
traveled is equal to an in tegral nu m-
ber of wavelengths. Thus the famous
Bragg condition

n λ = 2d sin θ,

w here d is t he dis t ance be t ween
planes and θ is the angle of reflection.

Using an X-ray t ube an d a colli-
m at ing sli t  to  produce t he  i nco m-
ing rays; using various m inerals,
quar t z,  rock sal t ,  iron,  pyri te,
zi ncblende, a nd calci te, as t hree-
dimensional diffraction gratings; and
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using a pho tographic plate or  an
ionizat ion cha m ber (depending on
the strength of the incoming rays) as
a  de tect or—t h e Braggs proceeded
with the first measurements in X-ray
spectroscopy. By 1913, just a year af-
ter they had pioneered t he method,
crys tal analysis wi t h X rays h ad
becom e a s tandard technique. T he
results not only gave insight in to the
structure of crystals but also in to the
nat ure of  t he an ti-cat hode t hat
produced the rays.

The first person to notice that X
rays can be characteristic of the sub-
stance that emits them was Charles
Barkla, the opponen t of the Braggs in
the m at ter of X rays as neu tral par-
ticles and a professor at the Univer-
si ty of  Edin burgh w ho spen t  over
forty years examining the properties
of secondary X rays. Between 1906
and 1908 he had no t iced that ele-
m en ts em it secondary X rays wi t h
a penet ra t ing power in alu m in u m
that is distinct for each elem ent. To
dis t i ngu ish bet ween t he hardness
of t he characteristic rays, he in tro-
duced t he ter minology K and L rays.
It was for this discovery that he was
awarded t he N obel Pr ize in 1917.
(His subsequent work earned Barkla
the repu tation as something of a sci-
en tific crank.) What t he Braggs no-
t iced (see figure on next  page) was
that a pat tern of m ultiple peaks with
varying intensities was produced no
matter what the crystal (shifted only
by t he varying dis t ances bet wee n
planes of atom s) as long as t he ele-
men t of t he an t i-cat hode re mained
the same. In other words, the pat tern
was analogous to spectral lines emit-
ted by gases in t he optical frequen-
cies. The person to explore this anal-
ogy to its fullest was Henry Moseley,

Top right: Sir William Henry Bragg, 1862–1942. Lower right: Sir William Lawrence
Bragg, 1890–1971. (Courtesy of the AIP Niels Bohr Library)



20 SU MMER 1995

a you ng research er work ing i n
Ru t herford’s Manchester laborato-
ry during t he time when Niels Bohr
was visiting regularly.

Moseley’s t wo grandfat hers had
been fellows of the Royal Society, and
his fa t her had fou nded a school of
zoology at Oxford. Mosely hi m self
was  perhaps  the  on ly  i mpor tan t
atom ic physicist to be educated a t
Oxford. In the fall of 1910 he ca me
to work as a  de m ons tra tor  u nder
Rutherford, his salary being paid by
a Manchester industrialist .  He was
assigned a research problem to which
everyone  knew the  answer: how
many β part icles are emit ted in the
radioactive disin tegration of radiu m
B (Pb214) to radium C (Bi214). On find-
ing t he answer everyone expected,
one, he proved his competency as an
experi mentalist . However, his next
experiments would not be so cut and
dried, nor wou ld they receive t he
ready approval of Ru t herford. Like
the Braggs,  and quite  independen t-
ly of t he m, Moseley was st i m ulat-
ed by t he photographs of Friedrich
and Knipping, and felt that Laue had
misinterpreted them as evidence of
five homogeneous X rays. He teamed
up wi th C harles G. Darwin, grand-
son of the famous evolu tionist, and
turned to, as he said, the “real mean-
i ng” of  t he Ger m an experi m e n t s.
Th e Laue dots  connoted t he struc-
ture of the crystal, not the structure
of t he in co m ing rays.  Wh en pre-
senting his results to a Friday phys-
ics colloquiu m w hich fat her Bragg
at t ended, Moseley discovered t he
similarity in their understanding of
t he pheno m ena,  and afterwards he
wrote to his  mother:

I have been lazy for a couple of
days recouping after the lecture I

*Nov. 4, 1912. Q uoted in J.L. Heilbron,
H.G.J. Moseley, p. 194.

gave on Friday on X rays. It was
rather anxious work, as Bragg, the
chief authority on the subject (Pro-
fessor of Leeds) was present, and
as I had to be cautious. However it
proved quite successful and I
managed to completely disguise
my nervousness. I was talking
chiefly about the new German
experiments of passing rays
through crystals. The men who did
the work entirely failed to under-
stand what it meant, and gave an
explanation which was obviously
wrong. After much hard work Dar-
win and I found the real meaning
of the experiments.*

For a t i m e t he Braggs, Moseley,
and Darwin continued on the sa me
track, even t hough Ru therford pre-
sen ted difficulties which were final-
ly overcome by Moseley’s persistent
en t husias m and by Bragg’s offer to
Moseley of a visit to Leeds to teach
hi m t he tech niques of X-ray spec-
troscopy. Some of the questions they
pursued were the old ones abou t t he
nature of  X rays.   How to reconcile
t he corpuscu lar  nat ure of  t he rays
with their ability to interfere? Bragg
had compared this conundrum in the
electromagnetic theory of X rays to
the physical impossibility of a spread-
ing circle of water waves, caused by
t he fall of a rock, to exci te anot her
rock to jump the sam e distance t he
wave-producing rock had fallen.

The new questions concerned the
elements. In July of 1913 Bohr paid a
visi t to Manches ter and discussed
ato m ic s t r uct u re  wi t h  Moseley,
Darwin,  and George Hevesey.  T he
discussion revolved around the sim-
ilari ty, and possible differences,H. G. J. Moseley in Balliol-Trinity

Laboratory, Oxford, circa 1910.
(Courtesy of University of Oxford,

Museum of the History of Science and
the AIP Niels Bohr Library)
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One of the earliest examples of X-ray
spectroscopy. The Braggs made a
seredipitous discovery: while studying
the scattering of X rays off of crystals
they noticed that a distinctive pattern of
peaks appeared for each of the different
anti-cathodes being used to produce
the rays. What had initially started out as
a study of the structure of crystals led to
an investigation of the atomic structure
of the anti-cathode elements. [Bragg
and Bragg, PRS, 88A, 413 (1913).]
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bet ween t he a to m ic weigh t of an
elem en t (A) and i ts n uclear charge
(Z). Geiger’s and Marsden’s scat ter-
ing experi m en ts and Ru t herford’s
t heory had proposed that the newly
discovered nucleus held a charge half
t hat of the atomic weigh t. A Dutch
lawyer and would-be in terpreter of
Mendeleev’s table, Van de Broek, had
suggested that the nuclear charge of
an element set its place in the table.
N ow t he frequ ency of characteris-
tic K rays gave another quantity with
which to mark the ele men ts. What
would the X-ray spect roscope have
to say about those places in the table
where the atomic weights did not fol-
low in i ncreasing order t he serial
nu mbers: between nickel and cobalt;
between argon and potassiu m; and
bet ween iodin e a nd tell uriu m?
Would t he hardness of the K rays or-
der  the  elemen ts  by  a tomic  weigh t
or by n uclear charge?

Moseley u sed a n i nge n ious de-
v ice of G . W. C . Kaye’s  t o exa m -
ine the K rays from copper, nickel,
cobal t ,  iron,  m anganese,  c h ro m i-
u m ,  an d  t i ta n iu m . By  pu t t ing  the
differen t ele men ts which served as
an ticat hodes on a magnetized truck
and rail inside the evacuated cham-
ber,  M oseley w as able t o ch a nge
a n t i-ca t hodes  wi t h  a n ex t er n al
m agnet  wi t hou t  disrupting t he in-
t egr i t y of t h e c h a m ber. Af t er
switching from detecting the K rays
by ion iza t ion to detec t ing t he m by
photography,  his  work wen t quick-
ly,  and in several  weeks he showed
t hat t he rank ing of ele m en ts by K
rays followed t heir ranki ng by n u-
clear  charge,  Z.  Th e re la t ion was
si m ple as wel l. T he darker of t he
t w o  pr i m ary K l i n e s, Kα ,  fi t  t h e
for m

Moseley in terpreted his form ula
as a vindica t ion of Bohr’s t heory,
w hic h a t t he ti m e was being pu b-
lished in t hree lengthy and fa mous
papers “ O n t he Cons t i t u t ion of
Atoms.” Moseley argued, not qui te
convincingly, t hat his results could
be used to support the quan tization
of an electron’s  angular  momentum.
Frederick A. Lindeman, a fellow Eng-
l ish m an working wit h Wal t her
Nerns t  on t he Con tinen t  bu t  with
his  eye on t he sam e ch air  of  phys-
ics as Moseley, Clifton’s chair at Ox-
ford, crit icized bot h Bohr and Mose-
ley. He was working out of an already
successful tradit ion which applied
the condition of quan tized frequen-
cies to t he motion of a tom s to pre-
dict specific heats in a solid and to
t he m ot ions of m olecules in a gas
to predict the pat terns of rotational
and vibrational infrared spectra. (A
quant um theory of molecular spec-
tra preceded one of atomic spectra!)

More successful than Moseley’s
argu ment in favor of Bohr’s atom ic
theory was his help to t he chem ists
in sorting out the confusions of the
rare ear t hs. In N ove m ber of 1913,
Moseley m oved to Oxford where
he worked wit h equip m en t a t  t he

ν
α

νK Z= −3
4 0 1 2( ) .

X-ACTLY SO!

The Roentgen Rays, the Roentgen Rays,
What is this craze?
The town’s ablaze

With the new phase
Of X-ray’s ways.

I’m full of daze,
Shock and amaze;

For nowadays
I hear they’ll gaze

Thro’ cloak and gown—and even stays,
These naughty, naughty Roentgen Rays.

—Wilhelma, Elec trical Review,
April 17, 1896

Charles G. Darwin, L. M. Thomas, and
Gregory Breit. (Courtesy of the

Goudsmit Collection)
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frequency of X rays emitted. By 1916,
t he D uane-H u n t law was t he best
way to  deter m ine h ,  Planck’s con-
stant, although neither Millikan nor
Duane t hen subscribed to t he view
t hat  energy ca m e in discrete quan-
tized units.

Ar t h ur Holly Com pton also
ini t ially  in terpreted h is  resul ts  on
X-ray scat tering from electrons as a
cut-off relation that was  governed in
this case by Planck’s constan t rather
than as proof of the quan tum nat ure
of radiation. Compton, who was later
to run the Manhat tan Project’s Met-
allu rgical Labora tory a t Ch icago
during World War II, received h is
Ph.D. from Princeton just before the
First World War for work on X-ray
diffract ion and sca t tering. After
several years spen t at Westinghouse
Man ufac t uring Com pany working
on fluorescent lamps, he spent a year
at Cambridge’s Cavendish Laborato-
ry where he developed a friendship
with J.J. Thomson and carried out an
investigation into the orderly change
of X-ray frequency wit h sca t tering
angle as t he X rays scat tered fro m
elect rons. As a new professor a t
Washington University in St. Louis,
Com pton published a m ass of  data
on t he rela t ion bet ween X-ray fre-
quency and scat tering angle  taken
with a Bragg crystal spectro meter. In
1922, a year after he had taken t he
measurements, and along with Peter
Debye in Germany who had seen his
resu l ts  in  t he Bulle t in of t he N a-
tional Research Council,  Com pton
accepted Einstein’s  ligh t  quan t u m
and by extension the X-ray quantum.
The  explanat ion  of  the  Co mpton-
effect t hen became a simple scat ter-
ing of t wo elastic particles.

brought to a halt
by t he end of the
World War I. The
B r a g g s ’  w o r k
con t in ued aft er
t he war. T he el-
der Bragg revivi-
f i e d  t h e  R oy a l
I n s t i t u t i o n ,
where Sir Hu m-
phry  Davy  and
Michael Faraday
had m ade t h e i r
c h e m i c a l  a n d
el e c t r i c a l  d i s-
coveries,  by es-
tablishing a re-
search school for
t he  analysis  of
organic crystals.

This work would become central to
the developing field of molecular bi-
ology. During the war the elder Bragg
worked for the Navy board to eval-
uate inven tions and to prom ote re-
search wi t h m ili t ary applicat ions.
Like many British and U.S. scientists
he even tually found hi m self  work-
i ng on proble m s of sub m arine de-
tect ion. Moseley, wit h his Eton pa-
triot ism, pract ically forced hi mself
upon the Royal Engineers along with
his friend Henry Tizard. Tizard sur-
vived t he Grea t War and subse-
quen tly led the minds of British sci-
en tist s in to World War II. Moseley,
however, died at Gallipoli in the bat-
tle of Sari Bari.

As Europe engaged i tself  in t he
Great  War,  in teres t ing work on X
rays began to come out of the Unit-
ed Stat es. Following Rober t Mil-
l ikan’s  work on t he pho toelect ric
effect , Wil lia m D uane a t Harvard
gave an exact law that related the en-
ergy of cathode ray electrons to the

Arthur Holly Compton, 1892–1962.
(Courtesy of the AIP Niels Bohr Library)

Elect rical Laboratory bu t wi t h no
salary. Moseley began a thorough in-
vestigation of Mendeleev’s table us-
ing X rays, and moving from calciu m
to zinc and t hen to the rare eart hs,
lan t han u m to erbi u m . George Ur-
bain, a Professor of C he m is t ry in
Paris at one of the Grands Ecoles had
been engaged for years in fract ion-
at ing the elem en tal rare ear t hs in
co m pet i t ion wit h Carl  Auer von
Welsback, who perfor med his frac-
t ionat ion s in an Aus t rian cas t le.
Urbain recognized t he power of
Moseley’s  technique and paid h i m
a visit with precious samples of t he
last four rare earths, thulium, yt ter-
bium, lutecium, and celtium. He was
as tou n ded  a t  how  qu ic k ly  M ose-
ley’s X-ray spectro meter could de-
t er m ine t hat cel t iu m was no t h is
sough t after new ele m en t, bu t was
only a combination of luteciu m and
yt terbiu m!

The Braggs’ work on crystals and
t hat of Moseley’s on ele m en ts was
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Few physicists had taken Einstein
seriously when he predic ted t he
ligh t  q ua n t u m i n 1905. Bohr had
pooh-poohed the idea. Bu t by 1921
evidence was mounting and so was
Einstein’s  fa m e.  T he de Broglie
brot hers, Maurice and Lou is, were
two others who had learned from the
st udies of X rays of t he dual nat ure
of radiation, and Louis was inspired
to suggest that matter too might have
this dual nature. Maurice de Broglie’s
in teres t i n t he quan t u m had been
sparked by his secretaryship of t he
firs t Solvay Conference called in
1911 by chemist Walther Nernst to
in troduce t he quan t u m concep t  to
physical scientists, and he decided to
investigate the energies of electrons
excited by K and L frequency X rays.
He found the old problem over which
Bragg and Barkla had argued: X rays
can concent rate t heir en tire energy
and pass it on to electrons. And like
Bragg he concluded t hat X rays act
both as waves and as par ticles. His
you nger brot her,  Lou is,  i n a  spiri t
of unification, longed to t reat ligh t
and mat ter as equals. Both could be
u nderst ood as par t icles fol lowing
waves, he proposed. A “ m obile” of
light or X rays or of mat ter followed
along behind an “onde fict ive.”

So t he discussion of X rays had
come around full circle. They were
discovered in Roen tgen’s laborato-
ry as this newcomer to cathode rays
was trying to puzzle ou t  his  cou n-
t rym an  Lenard’s challenge to t he
British. Lenard believed cathode rays
to be et hereal. The Bri tish though t
t hem particles. Soon X rays became
t he ne w m ystery. Were t hey e lec-
t ro m agnet ic waves or were t hey
neu tral pairs of part icles? By 1913
t he in terference of X rays had con-

vinced m ost physicis t s t hat t hey
were waves. T he Braggs,  not  qu ite
giving up, insisted that t hey had the
proper ties of bot h waves and part i-
cles. By 1922 t he star tling explana-
t ion by Co m pt on of  h is  scat t ering
exp eri m e n t s—X-ray en ergy was
concen trated in to particle poin ts—
helped convince the science com -
m unity to take Einstein’s notion of
ligh t quan ta seriously. And finally
the work on X rays by the de Broglies,
and the younger brot her’s desire to
pu t  on  an  equal  foo t ing  ligh t  and
m at ter, gave Lou is de Broglie t he
courage to suggest that even the good
old electron (the cathode ray part i-
cles!) partook of wave qualities.

ADDEN DUM

The early history of X rays follows
another path that I have not covered
here. As t he physicis t s wondered
about t he nature of X rays and used
them to probe the struct ure of crys-
tals and atoms, medical doctors used
the m to probe the hu man body and
to diagnose and treat disease. Roent-
gen by presen ting an X-ray pho to-
grap h of h is wife’s  hand  t o  t he
Würzburg Physical and Medical
Society in January of 1896 began t he
practice of radiology. A month later
a Ger m an doct or u sed an X ray to
diagnose sarcoma of the tibia in the

Niels Bohr, 1885–1962. (Courtesy of the
AIP Niels Bohr Library
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Two of the three discoveries that
helped shake physics ou t of i ts fin-
de-siècle m alaise, X rays a nd
radioac t ivi ty, would be taken up,
al m ost i m mediately, by doctors in
t heir m edical prac t ice. And as
physicists began to require substan-
tial funds to continue their quest to
discover the sm allest st ruct ures of
matter, the link between physics and
m edicine would be pushed.  Ernest
Lawrence regularly raised money for
h is laboratory’s cyclot rons by vir-
tually promising cures for cancer: “It
is  almost  unthinkable  that  the  man-
ifold new radiations and radioactive
subs tances [produced by h is cy-
clotrons] should not greatly extend
t he successful range of applicat ion
of radiation therapy.”*

*Q uoted in J.L. Heilbron and Robert
Seidel, Lawrence and his Laboratory,
(Berk eley, U niversi t y of California Press,
1989) p. 215.

right leg of a young boy. The military
first used X rays in Naples in May of
1896 to locate bullets in the forearms
of two soldiers who had been wound-
ed in Italy’s Ethiopian campaign.

Radiology would be advanced
by t he s t rong t radi t ion of m edical
research in France. An toine Béclère
se t up t he firs t X-ray m ach ine i n
w hic h a pat ie n t was s t rapped and
moved around for complete X rays of
the chest. For those taking pictures
he introduced safety equipment, lead
apro ns and lead r ubber gloves. He
pioneered the first use of radiography
of the stomach in 1906. The patient
had first a meal of bismuth. Through
t he work of Béclère and ot hers t he
practice of medical diagnosis changed
significantly. Soon to follow was the
use of X rays to treat cancer. The rays
of t he che m is ts and physicis t s
seemed to inspire doctors: α, β, and γ
rays were also beamed at cancerous
tumors.

Louis de Broglie, 1892–1987.
(Courtesy of the AIP Niels Bohr Library)

An informal moment at an informal
conference called by Paul Ewald
in 1925. From left: Paul P. Ewald,
Charles G. Darwin, H. Ott,
William L. Bragg, and R. W. James.
(The Isidor Fankuchen Collection)
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IN THE DAYS

following  his

discovery of a

new, invisible ray in

November, 1895,

Professor Wilhelm

Conrad Roen tgen

experimented doggedly

to test its properties.

He noted quickly that

solid objects placed in

the beam between the

Crookes’ tube and the

fluorescen t screen

serving as an image

receptor at tenuated or

blocked the beam,

depending upon their

density and structure.

Medical Applications of X Rays
by O THA W. LIN TO N



26 SU MMER 1995

A CENTURY OF RADIOLOGY: 1895–1995

The discovery of the X ray in 1895 was one of the most
momentous events in science and medicine, but it was only
the beginning of what was to be accomplished in the next
100 years in radiology. What follows are some highlights
provided by American College of Radiology.

1895
• German physics professor Wilhelm Conrad Roentgen discov-

ers the X ray on November 8 in his laboratory in Würzburg.
• On December 28, Roentgen announces his discovery with a

scientific paper, W. C. Roentgen: About A New Kind of Rays
(preliminary communication), that is widely reprinted.

1896
• On January 23, Roentgen delivers his first lecture about the

X rays.
• Roentgen’s discovery launches a flurry of experimentation

around the world with the Crookes’ tubes. Researchers study
what the X rays will do and tinker with refining the design of
the tubes. Although the shapes and configurations of the
tubes change, the basic concept will stay the same until
1913.

• Fluoroscopy is invented in January by Italian scientist Enrico
Salvioni, while American inventor Thomas Edison, an early
and active X-ray enthusiast, works on a similar device. The
fluoroscope is a hand-held or mounted device consisting of
an oblong box, one end of which fits tightly against the eyes,
the opposite end of which is a fluorescent screen. The basic
concept is still used today.

• In March, a “Roentgen photograph” is introduced as evidence
in a Montreal courtroom by a man suing a defendant who
allegedly shot him. The X ray proves the presence of a bullet
not detected by exploratory surgery.

• Hospitals begin acquiring X-ray equipment to be used by
people with and without medical qualifications.

• One of the first physicians to specialize in X rays in 1896 is
Dr. Francis Henry Williams of Boston. He is also a graduate
of the Massachusetts Institute of Technology, making him one
of the few physicians intimately conversant with the physics
that create X rays. He is instrumental in early uses of X rays
for medical diagnosis, including the use of fluoroscopy to
study the blood vessels. Later this will be known as
angiography.

1898
• In December, Marie and Pierre Curie, working in Paris,

discover radium, a new element that emits 200 million times
more radiation than uranium. In 1903, the Curies and
Antoine-Henri Becquerel share the Nobel Prize in Physics
for their work on radioactivity.

“Like the discovery of X rays, the discovery of radium cap-
tured the world’s imagination,” says Nancy Knight, Ph.D., his-
torian and director of the Center for the American History of
Radiology. “Scientists knew that the radiation from X rays and
radium was similar, but radium was considered the ‘natural’
version of X rays.”

T hen, in a hear t-s topping mo m ent , he chanced to
pass his  hand t hrough the bea m . As he looked at  t he
screen, the flesh of t he hand seem ingly m el ted away,
projecting only the outlines of the bones. The hand was
in tact, unhar m ed. Bu t on t he screen,  on ly t he bones
showed  up. Wit h t hat observat ion, t he science of
medical radiology was born.

A few days later, Roentgen made a photographic image
of his wife’s hand, using the new rays instead of ligh t for
t he exposure. Again, only the bones showed, t his tim e
on a per manent record which others could see—and be-
lieve.

T he discovery of a n ew for m of e nergy t hat co uld
penetrate solid objects and record their structure excited
Roen tgen’s scien t ific con te m poraries. Bu t  i t  was  t he
skeletal hand that captured the imagination of the public
and of physicians, who recognized instan t ly that t his
discovery could change medical practice forever.

A cent ury later, the vastly more sophisticated arts of
medical i m aging are st ill based upon t he recogni tion
that body parts absorb a beam of X rays according to their
density, producing an image which allows identification
of body structures as well as the recognit ion of abnor-
malities reflective of injury and disease conditions.

Take a chest X-ray image, for example. The calcium
density of t he spine an d ribs blocks the m ost X rays,
leaving white areas on a fil m. No X rays penetrate to
expose t he fil m and darken t hose spot s.  T he wa ter
densities of the stomach and liver are grayish. They block
less of t he X-ray bea m t han bones. It’s easy to see t he
contrast between t hem. The fat density of m uscles is
less than that of the water. They look only sligh tly dark-
er, bu t t he distinction is t here for a trained eye. Final-
ly, the air spaces in t he lungs allow penetration of most
of the X-ray beam, and look almost black on the films.

Allo w t hat t he ches t X-ray i m age looks com plex
because three dimensions are recorded as two. Muscle
tissue overlies the ribs, which in turn overlie the lung
cavities. The shapes of blood vessels (water density) and
t he esophagus,  wh ich carries  food and liquids to t he
stomach, can be seen. Fractures of t he ribs, abnor mal
curves of the spine, unusual heart silhouettes are readily
visible. Irregular shadows, caused by cancers growing in
t he lung, m ay requ ire a soph is t icated viewer to pick
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up in the welter of overlapping shad-
ows. The pat ter n of coal par t icles
retained in t he lung field of miners
m ay be even m ore sub t le, bu t is
essential to a diagnosis of black lung.

IN T HE WEEKS after t he firs t
m edical X-ray i m ages early in
1896, scien t is ts and physicians

began to improve on the faint images
produced by tubes and generators like
t he ones Roen tgen used.  How t hey
m ade i m prove m e nt s—borrowing
from advances in physics, chemistry,
pharmacology, nuclear science, com-
pu ters,  tele m etry  and infor m at ion
science—is t he story of a cen tury of
m edical radiology.

T hose ear ly X-ray experi m en ts
also led scientists to observe that the
passage of  X rays t hrough living
tissue could cause changes. The low-
energy X rays appeared to have a good
effect on many skin diseases. Open
cancers sh rank and t he sores dried
up. Arthritis sufferers reported relief
from t heir pains. When exposures
were seen to make hair fall ou t, the
X ray was touted as an end to men’s
daily shaving chores. Bu t jus t as
quickly, workers wit h X rays noted
t hat repeated exposures see m ed to
cause sk in infla m m ations, ulcers,
sores, superficial and deeper cancers,
blood abnormalities, and even death.
T he ques t ion arose: m us t X-ray
workers inevitably forfeit their own
healt h, as some pioneers did, to t he
promise of this new science?

T he st ruggles of radia tion scien-
t is ts t o develop radia t ion safety
protocols, to devise measure men ts,
to learn to con trol X-ray production,
and to exploi t t he see m ing para-
dox that h igher energies of radiation

The famous radiograph made by Roentgen on December 22, 1895. This is
traditionally known as “the first X-ray picture” and “the radiograph of

Mrs. Roentgen’s hand.” However, it was not actually the first X-ray picture
(others exposed photographic plates to X rays previously, without knowing

the images’ significance), and was not labeled as Mrs. Roentgen’s hand
when it was first published.
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This much admired “first radiograph
of the human brain” from 1896 is
actually a pan of cat intestines.
Since the X ray was so novel to the
public, falsified images appeared
frequently after Roentgen’s discovery.
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kill more cancer cells while sparing
nor m al ones are also par t s of t his
cen tury of remarkable progress.

T he earlies t X-ray i m ages were
more useful to surgeons than to other
doctors. Bone fractures or displace-
ments, gallstones, kidney stones, and
bulle ts or other m etallic fragments
could be located reliably. Wit h the
i m proved t ubes and fil m s t hat
relaced t he origi nal glass pla t es,
doctors began to see organ shapes.
Bu t t hey s t i ll cou ld not see i n t o
organs,  w hich had t he sam e water
density inside and out.

N ever t heless, o t her advances
cam e quickly. In 1896, t he inventor
Tho mas Edison devised t he fluoro-
scope, a calciu m t u ngst a te coat ed
screen which glowed when X rays hit
it, allowing direct viewing of any part
of the anatomy. In 1913, William D.
Coolidge of t he General Elect ric
Laboratories devised an improved hot
cat hode X-ray tube, which produced
consisten t repeated exposures and
was shielded to prevent the scat tered
radiation that had har med the early
X-ray users. X-rays e m erged fro m
Coolidge’s t ubes only t h rough a n
aper ture in t he lead shielding. The
patient could then be placed into the
bea m while others were kept  away
fro m i t. Addi t ionally, fil ters were
devised to absorb soft, useless X rays,
and a device called a grid, placed in
front of t he film, absorbed m uch of
t he X-ray sca t ter t hat could cause
fuzzy images. Screens  similar  to  the
fluoroscope surface were used in film
holders to enhance X-ray im ages.

And t he proble m of loo ki ng
wi thin body st ruct ures was finally
addressed as well. Liqu ids opaque
to X rays were fou nd t hat cou ld
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be inges ted or ot herwise placed wit hin a patien t. For
ins tance, bariu m su lfa te, a co m m on m ineral, could
be ground up and swallowed to outline the esophagus,
stomach, and small in testine. Barium sulfate could also
be inser ted as an ene m a t o visualize t he large i n t es-
t ine. T his pract ice allowed the viewing of s t rictu res,
blockages, ulcers, cancers, and other defects. But the de-
velopment of other radio-opaque liquids, now called con-
t ras t age n t s, w h ich could be used w it h t he kid neys,
t he brain and spinal canal, t he circula tory system and
t he lu ngs, took m uch longer a nd requ ired far m ore
complex solutions.

ROEN T GEN’S DISCOVERY was artificial ionizing
radiat ion. Two years la ter, a French physicis t,
Henri Becquerel, discovered that certain rocks

emit ted natural ionizing radiation with characteristics
m uch like Roen tgen’s X rays. Becquerel’s colleagues
Pierre and Marie Curie refined the naturally radioactive
ores to derive uraniu m, poloniu m, and radium.

Radiu m was perceived to have a value in t reat ing
cancers, already seen to be responsive to X rays. Marie
C urie’s  work produced only t iny a m ou nt s,  wit h one
ounce of radiu m being offered for sale at $1 million. The
radium salt (usually radium sulfate) was sealed in hol-
low gold or platinum needles and inserted into or against
cancerous lu m ps to deliver cell-killing doses of radia-
t ion. A decay product of radiu m , radon gas, was used
in hollow glass seeds for insertion in tumors which could
not be reached with the removable needles.

William Coolidge soon im proved his X-ray tubes to
deliver energy levels of 200 kilovolts and more, and as
doctors used radiu m coupled with the high energy X-ray
bea m s, t hey not ed t he see m i ng paradox t ha t higher
energies killed more cancer cells and spared more normal
tissue than lower-energy radiation. Radiobiologists came
to understand that the rapid mitosis of cancer cells made
them more susceptible to radiation destruction and less
capable of regenera t io n t han slower-growing nor m al
cells. Bu t because so me norm al cells were necessarily
radia t ed in t he process of get t ing t he energy t o t he
cancers, t he success of t reat m en t depen ded upon t he
ability of the radiologist to plan and deliver a dose that
wou ld k ill all of t he cancer cells wi t hou t des t roying
an unacceptable amount of nor mal cells.

Around the world people believe radium to have marvelous
medicinal properties. It is said to lessen constipation, lower
blood pressure, cure insomnia by soothing the nerves, and
increase sexual activity, and is put in skin creams and tooth-
pastes. People flock to radium springs, where the water is
mildly radioactive, a craze that lasts into the 1930s, and use
‘radium drinkers,’ ceramic vessels made of irradiated earth, at
radium cocktail parties, where inside everyone’s drink is a vial
of ‘radium emanation’—radon gas—to make the drinks glow
in the dark. Also popular is ‘radium roulette,’ in which the
roulette balls and table are painted with radioactive paint.

1900
• German scientists Friedrich Giesel and Friedrich Walkhoff

discover that radium rays are dangerous to the skin; Pierre
Curie purposely leaves a radium sample on his arm for ten
hours and produces a sunburn-like rash. En route to a confer-
ence, Henri Becquerel unthinkingly carries a sample in his
lower vest pocket and suffers a burn on his abdomen.

• Radiology begins to emerge as a medical specialty. It
becomes increasingly clear that producing an X-ray image
requires skill and technical know-how, and interpreting the
image requires a knowledge of anatomy.

1901
• Roentgen wins the first Nobel Laureate in Physics prize

for his discovery.

1904
• Clarence Dally, Thomas Edison’s assistant in X-ray research,

dies of extreme and repeated X-ray exposure. X rays had
already caused severe burns on his face, hands, and arms,
resulting in several amputations. From this point on, the risks
posed by radium and X rays become more clear. X-ray use
begins to be confined largely to doctor’s offices and hospitals.

1910
• Eye goggles and metal shields are commonly used to shield

X-ray users.

1917
• During World War I, X-ray equipment is an accepted compo-

nent of aid stations and hospitals in the field.

1919
• Dr. Carlos Heuser, an Argentine radiologist, is the first to use

a contrast medium in a living human circulatory system. The
compound, potassium iodide diluted with water, is acceptable
because it is excreted by the body and causes the blood ves-
sels to appear opaque on the X-ray image. Dr. Heuser suc-
cessfully injects the compound into a vein of a patient’s hand
and simultaneously takes an X ray to visualize the veins in
the forearm and arm. His discovery, however, is lost on the
scientific world because it is published only in Spanish, in an
Argentine medical journal.
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X-ray image of coins made by physicist A.W. Goodspeed and photographer
William Jennings in 1896, duplicating one they had made by accident

in Philadelphia in 1890. When the two made the 1890 radiograph, they did not
realize its significance, and the photographic plates lay unnoticed and unremarked

until Roentgen’s announcement of the X-ray discovery caused them
to review the images.
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Opti m al dose levels, t i me in ter-
vals for treat men t to take advan tage
of t he m ito t ic cycle, ways of pro-
tecting norm al parts of the pat ient,
m edical care to pro tec t pat ien ts
against  infect ions,  and ot her  prod-
ucts of wh i te blood-cell radia t ion
destruct ion all began to con tribu te
t o i m proved radia t ion t reat m en t.
Even so, surgery re mained the first
choice of treat men t for many kinds
of cancers, leaving radia t ion as a n
adjunct ive m e t hod for des t roying
cancer cells not removed by surgery
and for t rying to control metastases
from advanced cancers.

D URIN G T HE FIRST four
decades of t h is cen t u ry,
m any advances in m edical

radiat ion uses cam e from gradual
i m prove m en ts in equip m en t and
techniques. The availability of X-ray
m achines in military hospitals dur-
ing World War I convinced m any
physicians of the usefulness of X-ray
studies in detection of somatic prob-
le m s, as well as t rau m a. A ches t
X ray becam e the s tandard met hod
of diagnosing tuberculosis. Abou t all
t ha t could be offered t he act ive
t ubercular patient was nursing care,
but isolation of such patients helped
t o brea k t he spread of  t he highly
con tagious disease to ot her fa mily
m embers and co-workers. Tubercu-
losis was the target of the first  X-ray
population screening efforts.

The creation of artificial isotopes
in t he 1930s by Frédéric Joliot  and
Irene Curie, daugh ter of Pierre and
Marie, opened new di m ensions in
radiat ion science. Soon,  Ernes t
Lawrence was making artificial iso-
topes in the cyclotron of the Donner

Laboratory at the University of Cal-
ifornia in Berkeley. Lawrence invited
Rober t Stone, the chief of radiology
at t he U niversi ty of Californ ia
Medical Center in San Francisco, to
bring cancer patien ts for treat men t
wi t h n eu tron s produced in t he
Do n ner lab. Ca ncers t reat ed wit h
neutrons melted away. Soon, so did
t he cancer pat ien ts.  N eu trons had
more energy and different biological
characteris t ics than h igh energy
X rays. Stone discontinued his treat-
m en ts u n t il t he charact eris t ics of
neutrons could be understood bet ter.

World War II arrived, and in quick
succession Lawrence, S tone,  and
m ost of t he leading radia t ion
scie n t is ts in t he free world were
draw n in to t he Manhat tan project
to develop an atomic bomb. Wartime
i m perat ives drive science m ore
strongly than peaceful objectives. But
there was an appreciation within the
Manhat tan project t hat biological
problems were created by the phys-
ical a nd che m ical advances, and
after t he war, t he congress created
the Ato mic Energy Com mission to
furt her peaceful applications of t he
new radiation science.

FOR PHYSICIA NS, t hese peace-
ful  applica t ions took t wo
directions. One was the devel-

opment of artificial reactor-produced
isotopes as high energy sources for
radiation treat men t. During the war
years, t here had been development
of Robert van de Graaff’s million volt
static generators and Donald Kerst’s
high energy bet at ron,  t he firs t
supervoltage t herapy m achines. But
t he si m plici t y of  using cobalt  60
or cesi u m 137 in ro ta t ing-head
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1920–1929
• Chest X rays are used to screen for tuberculosis—a scourge

of even greater concern to the public than cancer. Exposures
of up to 1 minute, with 10 to 20 rads (units of absorbed radia-
tion dose) are used.

• Roentgen dies February 10, 1923.
• The first practices of modern angiography are developed in

1927 by a Portuguese physician, Dr. Egaz Moniz, who is the
first to create images of the circulatory system in the living
brain. He develops a carotid angiography technique, which
involves making a surgical incision into the neck, identifying
the carotid artery and injecting contrast into the artery, which
transports it to the brain.

• Drs. Evarts Graham and Warren H. Cole of Washington Uni-
versity, St. Louis, discover in 1923 how to visualize the gall
bladder with X rays by using contrast media, a discovery
significant in the diagnosis of gall bladder disease.

This discovery demonstrates the role of chance in science,
in that the doctors tried for four and one half months to visual-
ize gall bladders in dogs by injecting contrast medium into the
dogs in the morning, then taking X rays in the evening, to no
avail. One day they finally produced a picture of a gall bladder
in one particular dog, but for several days thereafter were
unable to recreate the results. In their hunt for an explanation
for this anomaly, they confronted the kennel attendant—had
he done anything different to that one dog? The attendant
confessed that due to a severe hangover he had not gotten
around to feeding that particular dog on the morning of the
test. If he had, the dog’s gall bladder would have emptied
when the dog’s food was digested. Thus the discovery was
made.

1930–1939
• In 1934, the American Board of Radiology is officially formed

and recognized by the American Medical Association.
• In 1936, the first “tomograph”—an X-ray “slice” of the body—

is presented at a radiology meeting. This revolutionary con-
cept, in which the X-ray tube is moved by pulley around the
patient in order to take pictures on various planes, can focus
on certain internal structures that cannot otherwise be seen
clearly. This technique, also called “laminagraphy,” foreshad-
ows the development in the 1970s of CT, or computed tomog-
raphy.

• While higher voltage X rays are being developed, their actual
clinical benefit remains untested. Beginning in March 1932,
clinical trials are initiated. Results of the studies, comparing
70,000-volt X rays to 200,000-volt X rays used on cancers of
the larynx and tonsils, among others, are reported by scien-
tists this way: “The same results [cures] can be obtained
using a [higher] dosage which causes considerably less dis-
comfort to the patient.” These results encourage further
research into super-voltage equipment, although the equip-
ment has some limitations; “patient discomfort” is not well-
measured and the tumors evaluated are not the deep body
lesions that physicians still want to treat.

• Blue Cross/Blue Shield and other insurance or medical pre-
payment plans start to cover X-ray services, vastly increasing
their availability.

t reat m en t devices soon eclipsed t he early electronic
generators. Cobal t 60, wi t h an energy of 1.33 m il-
lion electron vol ts, e m erged i n t he la te 1950s as t he
workhorse for radiation therapy.

The second direction was the developmen t of lower
energy isotopes such as iodine 131 for use as diagnostic
tools. Trace amounts of iodine or ot her isotopes could
be given a patient. By measuring the ou tput of urine, for
example, using a Geiger counter, a physician could assess
kidney function. With scin t illat ion crystal de tectors,
a doctor cou ld s t udy an i m age of radioac t ive iodine
uptake in t he t hyroid gland,  to s tudy function and to
infer the presence of tu mors.

Advances i n X-ray tech niques con t in ued apace.
Russell Morgan a t t he U niversi t y of C hicago devel-
oped phototiming, a method of matching exposures to
physical ch aracterist ics of pat ien ts. Morgan, Edward
C ha m berlain of Te m ple Universi ty and, pri ncipally,
Joh n Col t m an of  t he Westi nghouse Corporat ion are
credit ed wit h t he concep t ual develop m e nt of elec-
t ronic im age in tensification, toget her bringing fluoro-
scopic studies out of darkened rooms. Reduced amounts
of radia t ion co u ld be fed in to a fl uoroscopic screen
and brightened several thousandfold before being dis-
played on an ou tpu t screen. T his procedure allowed
recording of motion, such as the flu t ter of a heart valve,
on motion picture fi lm or videotape wit hou t subjecting
patien ts to unacceptable levels of radiation.

Radiologis ts and so m e ot her physicians bega n to
expand t he uses of hollow cat heters to inject con trast
liquids into t he vascular system and other body chan-
nels. The sk ills needed to t hread a cat he ter t ip in to
position to visualize t he coronary arteries or the vessels
of the head were com pared by one invest igator to the
task of pushing a rope through twisted passageways.

A major advance in isotopic diagnosis resulted from
t he development by Harold Anger of t he Universi ty of
Californ ia of t he ga m m a ca m era, wi t h i ts array of
photom ultiplier tubes and a large crystal which short-
ened scanning tim e. This was coupled wi th the devel-
opment of various chemical forms of technetiu m 99m,
an isotope wit h a six-hour half life. Technetiu m could
be tagged to various che micals to allow concen tration
in different organs of in terest. Given its six-hour decay
period, relatively larger amounts of isotope could be used
wit hou t i ncreasing pa t ien t exposures. Soon iso tope



This X-ray image of a foot in a high-button shoe was typical of early images
reproduced in the popular press after the discovery of the X ray. This image was
made by Francis Williams of Boston, one of the first radiologists,
in March 1896.
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Angiographic work began in January,
1896, with this post-mortem injection of
mercury compounds. This image was
made by E. Haschek and O. Lindenthal
of Vienna.
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scans were the preferred m ethod of
exploring m a ny proble m s in t he
brain and liver.

By the late 1950s, investigators in-
cluding Henry Kaplan and the Vari-
an brot hers a t Stanford Universi ty
were working on a device called a lin-
ear accelera tor t o generat e h igh
energy X rays or electrons for cancer
treat ment. Referred to as linacs, the
devices soon grew smaller, delivered
higher energies and became safer and
m ore reliable. T hey produced con-
trolled energy beams in ranges from
4 to 25 m illion elec t ron volts, and
gradually displaced cobalt u nits as
t he primary radia tion therapy sour-
ces in most advanced coun tries.

O N T HE DIA G N OSTIC SIDE,
the 1960s brought the advent
of diagnost ic  u l t rasou nd

with great promise. Soon ultrasound
devices u tilized a crystal transducer
t hat  bounced pulses off  body struc-
t ures and displayed t he echoes as a
scan. Motion was added, and Doppler
techniques rapidly allowed study of
blood flow and ot her physiological
processes. Even after 30 years, there
are s t ill no indicat ions of har mful
bioeffects from ultrasound exposures
a t  t h e  e n e rgy  r a n ge s  u s e d  f o r
d i ag n o s i s .

By t h is t i m e, so m e radiologis ts
had begun to inqu ire in to t he new
infor m at ion sys t e m s based upon
huge, ungainly devices called com-
pu ters. But computers soon shran k
in size,  gre w i n power,  dropped in
price and began to be available in
research centers. They were used for
complex radiation treat men t plans,
allowing far more speed and sophis-
tication with isodose curves than was
possible wi t h m an ual calculat ions.

Diagnosticians
used computers
first for i mage
an alys i s,  cou-
p li ng  de n si t o-
meters  with  them
t o  ob t a i n  bas ic  d a t a. These  efforts
met with limited success.

Early in t he 1970s,  diagnos tic
radiology made a h uge leap in to
cross-sect ion al  i m agi ng wit h t he
develop m en t  of  co m p ut ed  t o m o-
grap hy (C T).  Earlier, m echan ical
tomography had been used for li m-
i ted purposes. Bu t here was a com-
pletely new tech nology, producing
w hat looked like bloodless slices
across the body area of interest. The
firs t scanner, devised by Geoffrey
Hounsfeld of EMI in England, could
i m age only t he head, and required
a pat ien t t o place h is sku ll i n t o a
water bath while the X-ray tube and
receptor m echan ically advanced
around the head. Improvements were
swift as other manufacturers replaced
m echan ical par ts wi t h electron ic
ones. Soon, a r ing of X-ray t ubes
and receptors could obtain i m ages
of  any transverse body plane i n
seco nds, a nd com plex m at he m a-
t ical algori t h m s cou ld draw clear,
sharp  images out of millions of bits
of information.

By advancing the plane of the scan
in s mall steps, a three-dimensional
construct of a suspect organ could be
developed. Elliot Fish m an at Johns
Hopkin s worked ou t  a  recons truc-
tion method to give surgeons three-
dimensional sim ulations of crushed
or misshapen body parts for guidance
in delicate operations. And radiation
oncologis ts used co m put ed to m o-
graphic i m ages to plan t heir t reat-
ment fields.
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1940–1949
• The Betatron, a circular electron accelerator, is developed by

Dr. Donald Kerst of the University of Illinois between
1940–1943. It generates energy (20 million volts or more) by
orbiting electrons, faster and faster, through a large “dough-
nut,” a circular glass tube with a heated cathode inside a
huge electromagnet.

1950–1959
• Dr. W. Goodwin introduces the concept of X-ray guided per-

cutaneous nephrostomy, in which a needle and then a
catheter are inserted directly into a kidney to create a
drainage tract above an obstruction (kidney stone, cancer),
allowing urine to escape from the kidneys. This procedure
allows some patients to be treated without surgery.

• Radioisotopes are introduced as sources of gamma-ray
beams for radiation therapy. The process works, for example,
by changing harmless cobalt 59 into cobalt 60, a highly unsta-
ble nucleus that decays. As that happens, it releases two
gamma rays. The gamma-ray beams adequately reach deep
cancers without damage to the skin. Cobalt units are easy to
make and quickly become a cheaper, safer alternative to the
Betatron, though later they will become virtually unused.

• Ultrasound—images created from the echoes of sound waves
bounced off tissue—which has its roots in World War II’s
sonar (sound navigation and ranging), begins to show
promise in medical diagnostic applications.

• A Swedish physician, Dr. Sven Ivar Seldinger, refines
Dr. Moniz’s and Dr. Forssmann’s work in angiography from
the 1920s when he learns how to insert a catheter into a
blood vessel without surgery. He uses a tiny guidewire
inserted with the help of a needle into a blood vessel. The
catheter is placed over the guidewire and into the vessel,
after which the guide wire is removed. He then watches the
location of the catheter on fluoroscopy.

The first image of a human coronary artery recorded in vivo
with synchrotron radiation. This coronary angiogram was done
at the Stanford Synchrotron Radiation Laboratory at the
Stanford Linear Accelerator Center in May 1986. The identified
structures are an internal mammary artery (IMA), the
aorta (AO), the left anterior descending coronary artery (LAD),
the right coronary artery (RCA), and the left ventricle (LV).
(Image courtesy of Edward Rubenstein, M.D.)

Because of polit ical decisions based on healt h plan-
ning laws,  many CT scan ners were located ou tside of
hospitals. In just a few years, CT scanning had become
state-of-the-art technology. The United States had more
scan ners t han t he res t of t he world, and Los Angeles
alone had more than Great Britain.

There was m ore to come. In less than a decade, mag-
netic resonance i maging burst on the scene wit h even
more promising—and even more expensive—technology.
MR image analysis technology was comparable to CT ,
bu t no X rays were needed. Instead, MR units relied on
strong magnets, as m uch as 8000 ti mes as strong as the
ear th’s magnetic field.

In  an MR unit, magnets ri m an apert ure in to which
patients slide on a gantry. The strong magnetic field acts
upon the inheren t magnetism of the trillions of hydro-
gen atoms in t he hu man body. When the magnetic field
is imposed and released, hydrogen atom s emit a fain t
radio signal. Detec t ion an d analysis of these signals
produces the image.

MR proved to be co m pli m en tary to C T . MR i mages
could be crea ted in any body plane—axial, sagit t al,
oblique, AP, or all of t he m. Soft t issue detail allowed
bet t er  s tudy  of  glandular  sys tem s.  And  soon,  new
developments in CT resulted in spiral scanning, with the
m ach ine advancing across t he chosen body area to
produce hundreds of slices at any designated in terval.
Contrast agen ts, very differen t for CT and MR, allowed
study of the inside of body organ systems. Various oth-
er m at he m atical tric ks allowed t he electron ic su b-
t ract ion of o t her a nat om ic s t ruct ures to reveal a
vascu lar syste m of t he head and neck wit h t he shad-
ows of t he sk ull, brain, and o t her s t ruct u res erased.
Strictures, e mboli, kinks, and accu m ulations of plaque
had nowhere to hide.

In the same years, the ter m “interventional radiology”
came into use to describe the ability of physicians using
catheters and fluoroscopy to detect and correct vascular
insufficiencies and strictures in ot her body ductal sys-
tems. Initially, catheters inserted into arteries or ureters
allowed deposit of contrast agents at suspect spots. Then
m icro-sized tools were t hreaded t hrough t he sa m e
cat heters  to correct  proble m s.  Andreas Gru n tvig of
Emory University refined this process, devising a balloon-
tipped catheter that could be advanced within an artery
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An image of a human coronary artery recorded in vivo
at the National Synchrotron Light Center, Brookhaven National
Laboratory, in November 1992. Improvements in the imaging
system have increased the quality of the angiogram from the
image shown on the opposite page. In this image, the entire

length of the right coronary artery (RCA) is shown.
(Image courtesy of Edward Rubenstein, M.D.)

1960–1969
• In 1960, Dr. Robert Egan of the University of Texas M.D.

Anderson Tumor Institute, Houston, with the support of the
U.S. Public Health Service, publishes the results of an inten-
sive, three-year study of mammography. Although previous
studies of X rays of the breast have been done, Egan’s study
conclusively proves mammography’s effectiveness in early
diagnosis. With neither physical exams nor any knowledge
about the women’s medical histories, Dr. Egan examines
patients’ mammograms and diagnoses whether or not cancer
is present. Egan’s accuracy in finding breast cancers is
remarkable—97–99 percent—and his precisely controlled
mammography techniques mean that other radiology facilities
can duplicate his results.

• Drs. Charles Dotter and Melvin Judkins of Portland, Oregon,
are the first to report performing a transluminal angioplasty, a
non-surgical technique to unblock a vessel clogged with
plaque. They insert screw-tipped catheters into the narrowed
vessel, starting with small diameter catheters and sliding
bigger and bigger catheters over them, to push the plaque to
the interior walls of the vessel sides. The technique is not
well-accepted except in Europe; bypass surgery is still the
preferred treatment method in the United States.

• A survey conducted by the U.S. Public Health Service reports
that 48 out of every 100 persons receive X rays during any
one year, with urban residents having the most X rays (53 out
of 100) and farm dwellers (31 out of 100) having the fewest.

1970–1979
• CT, or computed tomography, which takes X-ray “slices” of

the body and images them on a computer screen, is intro-
duced. Like the first tomography units introduced in 1936, the
X-ray tube rotates around the patient’s body, taking X-ray pic-
tures as it moves. With the addition of computer technology,
CT images can now be manipulated and the “slices” can even
be “put back together” to create more 3-dimensional images.

to a narrowing. Once in position, the balloon is inflated,
compressing the fat ty plaque against the artery walls and
restoring free blood flow. Soon the balloons were aug-
m en ted with tiny rotary saws, lasers, and targeted med-
icines. Researchers also created collapsible baskets to
snare kidney or gall stones for removal withou t an open
surgical incision. Recen t ly, s t en ts (m et al or plas t ic
sleeves) have been developed for insertion into arteries
or other vessels to keep cri tical spots from narrowing
after the angioplastic procedure. Not all patients respond
to these procedures, bu t those who do save considerable
t rau m a and cost, sometim es even returning home t he
day of the procedure.

Of course, not all new ideas have been as fruitful as
CT and MR and linacs. Hopes that the body’s natural heat
emissions could be a diagnostic tool were dashed when
t he heat-in duced i m ages,  or  ther m ogra m s,  could no t
be correla ted wit h disease proble m s. T he use of oxy-
gen poten tiation devices like pressure chambers to treat
cancer pat ie n t s pro m ised to help t hose wit h anoxic
t umors. But after some years of tests, the results failed
to just ify t he efforts. More recent ly, radiation oncolo-
gists have been experimen ting with heat as a radiation
poten t ia tor. However, the technical proble m s of con-
trolled heating of a single body area during radiation have
not yet been overcome.

While diagnos t ic and therapeu t ic radiology have
developed as separate and defined disciplines, there have
always been synergisms wit h other medical specialties.
Some two-thirds of all American cancer patients receive
high en ergy radiat ion as a port ion of t heir t reat m en t.
C urren t ly, m ost cancer cen ters a t tack m ost for m s of
cancer with a combination of surgery, radiation, cancer-
killing chemicals, and even monoclonal an tibodies or
im m unological agen ts.

FOR THE EN TIRE CEN TURY of radiology, physicians
specializing in this area have perfor med most, bu t
no t all, of t he procedures needed by Am ericans.

Many pri m ary care physicians u nder ta ke lim i ted
procedures in their offices. Some specialists, such as car-
diologists or orthopedists, perform examinations relat-
ed to their areas of in terest . Den t is ts and podiatrists
do likewise. Abou t t wo-t h irds of m edical i m aging
procedures are done by radiologists.
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• Thrombolysis, which dissolves clots in blood vessels by deliv-
ering thrombolytic (clot breaking) drugs to the site or into the
vascular system, is introduced by Dr. Charles Dotter. Using a
thin catheter, a dose of a thrombolytic agent such as streptok-
inase is injected into the clot, dissolving it. One drawback of
streptokinase is that it can induce allergies with repeated use
over time. Later, synthetic thrombolytics that do not appear
to induce allergic reactions will be used.

• Swiss physician Dr. Andreas Gruntvig, later in the United
States, invents balloon angioplasty. A tiny deflated balloon is
placed at the end of a catheter and threaded on a guidewire
into a plaque-clogged section of blood vessel. The balloon is
inflated, and the plaque is pushed to the sides of the vessel.
Then the balloon is deflated and removed. The first applica-
tions of balloon angioplasty are all in arteries in the arms or
legs. Balloon angioplasty is an instant success, in part
because it can be used to open smaller, more fragile arteries.

1980–Today
• MRI (magnetic resonance imaging; also referred to as MR)—

the marriage of a strong magnet and a computer—is intro-
duced. Instead of X-ray’s ionizing radiation, MR uses a mag-
netic field around the body and a radio signal to create
images. MR works by having a patient lie in a large magnetic
tube, which forces the hydrogen atoms in the body to “line up”
in a polar formation. Then a strong radio signal bombards the
atoms, and protons spinning in the hydrogen atoms are
momentarily knocked off course. When the radio signal is
turned off and the atoms return to their normal orbit, they emit
a faint radio signal, which is used by a computer to measure
the speed and volume by which they return to orbit. MR
“sees” hydrogen atoms in the body—present in all tissues—
and thus is exceptional at imaging both hard and soft tissue.

• Pulsed fluoroscopy reduces radiation exposure by using short
bursts of high-intensity X-ray beams (up to 1–2 seconds; any-
thing longer would burn out the tube) alternated with lower
intensity beams. The high-intensity beams “linger” on the
video screen, allowing the physician to view the anatomy like
slow-motion moving pictures.

• PET (positron emission tomography) begins to be used in clin-
ical applications. It watches the way cells “eat” substances
such as sugar. The substance is tagged with a short-lived
radioisotope (unstable atoms that release stray particles that
can be seen with gamma cameras), then injected into the
body. The PET scanner watches as the radioactive material
“lights up” in cells, identifying areas where cancer cells might
be present. Cancer cells have a higher metabolism than nor-
mal, healthy cells.

• Teleradiology, the ability to send images through the “informa-
tion superhighway,” is introduced. Teleradiology uses
information-networking capabilities to transmit images from
one place to another. However, it is more difficult than send-
ing a written document because the digitized, computer
radiology image contains so much more information than the
printed word.

Historic Whole Body Radiographs
A whole body radiograph of a dead soldier (page 25, left), was
taken, in nine sections, by Ludwig Zehnder at the University of
Freiburg in 1896 and measures 1.84 meters in height. The exposure
time was approximately 5 minutes per film. The faint writing, with an
arrow pointing towards the forehead, reads “small arms projectile
located in the facing temple at a distance of 20 cm from the dry
plate.” The second radiograph (page 25, right) is a single-exposure
whole body image taken by a Dr. Mulder in Bandung, Java, about
1900, presumably of a living person, wearing knee-length boots,
with bunches of keys attached to an unseen belt.
(Courtesy Deutsches Museum, Munich, and Bob Batterman, Cornell
University).

Still,  t he grow t h of managed care as an alternative
t o t radi t ional m edical prac t ice has driven m a ny
pat ien ts—an d their doctors and hospitals—in to con-
trolled pat terns. One result has been a reduction in the
volume of medical services, including radiology, deliv-
ered to m anaged-care plan pat ien ts .  M uch of  t he re-
duction in i maging com es as a loss to physicians who
self-refer procedures on t heir own pat ien ts. And ques-
t ions arise: will m anaged care plans pay for more ex-
pensive procedures, if m anagem ent decides t he si m-
pler ones are less expensive, and are adequate?

And with impending cutbacks in federal health spend-
ing and down ward pressures on cos ts by priva te pay-
ers,  t he broader question is  whether or  not  t he nat ion
wants and will pay for newer and bet ter technologies. A
good example is positron-emission tomography (PET),  in
which a very shor t-lived injected isotope is used as the
energy source for cross-sectional imaging ra t her t han
X rays. PET has proved itself as a research tool. Bu t  it s
accep ta nce for cl inical applica t ions is proving m ore
dependent on cost factors than scien tific ones.

Ever since X rays were discovered by a physicist, the
growth of radiology has been dependen t on the contri-
butions of that discipline, as well as the con tribut ions
of engineers, biologist s, computer scien tists, radiologic
technologists, and a broad industrial base. Without these
contribu tions, many of radiology’s most important clin-
ical advances would never have occurred. C learly,
radiology has earned a vital place in modern medicine.
It may well be that the circumstances in which it will
be practiced are uncertain—but then, so are most ot her
t hings abou t modern healt h care.
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Impact of Synchrotron
Radiation on Materials Research

FROM THEIR DISCOVERY 100 years ago,
X rays have tan talized scien tists with their
ability to see in to solid objects. For 80 of

those 100 years,  they have also been our principal
means of unraveling the positions of atoms in crys-
tallized solids, from the comparatively simple
structures in metals and semiconductors to the
highly complex arrangemen ts in biological mole-
cules,  such as proteins and D NA.  During the last
three decades, however, the growth of synchrotron
radiat ion with i ts brigh t, wavelength-selectable
X rays has markedly expanded the scope of
investigation.

by ARTHUR BIENENSTOCK and ARTHUR L. ROBINSO N

Synchrotron radiation has transform ed

the role of X rays as a m ainline tool

for probing the ato m ic and

electronic structure of m aterials

and their surfaces.
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of a repea t i ng la t t ice (long-ra nge
order) to co m ple t ely disordered.
Many materials, such as metals and
se m iconduc tors, have crys talli ne
structures wit h long-range order bu t
may exhibit features of disorder, such
as random distribu tions of  i mpuri-
ty atoms or of aggregations of atoms
in the for m of precipi tates. In addi-
tion,  t he material  may consist  of  a
large n u m ber of cryst alline grains
with different orientations. Some ma-
terials are m ixt ures of grains repre-
senting different phases with distinct
compositions and structures. Com-
puter chips begin with silicon single
crystals, whereas metals and alloys
are typically polycrys talline. Glas-
ses are the most fa miliar disordered
materials.

As for the electronic structure of
m at erials, t he in ner elect rons are
bou nd tigh tly to t he a tom ic nuclei
(core electrons) with quantu m states
t hat re tai n m uch of t heir a to m ic
character, w hereas the ou ter, more
loosely bound electrons part icipate
in chemical bonding between atoms
(valence electrons), as well as other
processes, such as conducting elec-
trici ty. In treating t he valence elec-
trons, solid-state theorists have found
i t  easies t  to  m ak e  qu an t u m  m e-
cha nical m odels in t he case of or-
dered materials. In t hese models, a
valence elec tron is n ot iden t ified
with any particular atom, but is char-
acterized by a k ind of m o m e nt u m
(crystal  m o m en t u m) and by an en-
ergy E associa t ed wi t h each m o-
mentu m vector k . Alt hough the al-
lowed energies are quan t ized, i n
pract ice t hey are quasi-con tinuous
functions  of  momentum E(k), giving
rise to the term band structure. Band
gaps refer to ranges of energies that

are forbidden ir respect ive of m o-
mentum.

SYN CHROTRO N RADIATIO N

X rays are particularly well suited for
probing t he structure-funct ion rela-
t ionship because of  t heir  abili ty to
penetrate in to materials and because
of t he ways t hey in teract wi t h t he
const i t uen ts once t hey ge t inside.
There are two basic types of X-ray in-
teractions, scat tering and absorption,
that give structural information.

T he pat tern of scat tered radia-
tion con tains information abou t the
spatial structure of the scat tering ob-
ject. Since scat tering is  m ost  infor-
m a t ive when t he wavelengt h is
som ewhat less  t han the size of  t he
scat tering object, X rays wit h shor t
wavelengths near one angstrom are
ideal for investigat ing the positions
of atoms, whereas X rays with longer
wavelengths are more appropriate for
larger features. X-ray absorption pro-
vides a way to study electronic struc-
ture because the energy range of X-
ray  pho tons  n icely  ma tches  tha t
needed to excite electrons from core
to valence quan t u m sta tes or from
one band to another.** Dissipating
the energy of t he photoexcited elec-
trons can have many consequences,
such as t he e m ission of  electrons,
photons (fluorescence), or ions from
the surface, all of which give rise to
spectroscopic techniques to monitor
the elect ronic struct ure.

From its first system atic use as
an experi m en tal tool in t he early

The result for materials research is
a tool that can probe in minute detail
the interior and surface of all manners
of samples, large and extremely small,
including noncrystalline and inho-
mogeneous materials.

STRUCTURE IS THE KEY

Equally applicable to se miconduc-
tors for miniaturized computer chips,
superconductors to drive magnets in
medical  imaging machines,  magnet-
ic disks for digital data storage, met-
als and alloys for high-strength struc-
t ures, cera m ics for engi nes and
turbines that can operate at elevated
t e m perat u res, polym ers for ligh t-
weight par ts for automobiles or air-
craft, light-emitting materials for flat-
panel video displays, biomaterials for
prost heses, or any of a host of other
t hi ngs,  t he fu nda m e nt al  t ene t  of
m aterials research is t hat structure
deter mines function.* The practical
corollary t hat converts materials re-
search from an in tellectual endeav-
or in to a foundation of  our m odern
technology-driven econo my is that
s tr uct ure can be m anipu lated to
construct m aterials wit h particular
desired behaviors.

Most basically, structure means
t he posi t ions of  t he ato m s (ato mic
s tr uct ure) and  the  behavior  of  the
electrons around the atomic nuclei
(electronic s t ruct ure). T he a t om ic
structures of solid materials span the
extre m es fro m com pletely ordered
with atoms arrayed around the points

**The photon energy ε m easured in
electron volts is inversely proportional to
the wavelength λλ m easured in angstro m s
according to ε [eV] = 12,398.5/λ [Å].

*T he struc ture-function relat ionship
applies equally well in the life sciences.
See "Biological Applications of Synchro-
tron Radiation" in the Fall 1994 Beam
Line, pp. 19–28, for a review of  protein
crystallography.
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unders tandi ng of a to m ic arrange-
m en ts i n t h ree-di m ensional  crys-
talline solids. T he high brigh t ness
of synchrot ron radiat ion m ade i t
possible for scien t is ts fro m AT &T
Bell Labora tories t o ex tend X-ray
crystallography to surfaces in 1979
experi m en ts  a t  t he Stanford Syn-
chrot ron Radiat ion Laboratory
(SSRL).  In t heir technique, grazing-
incidence X-ray scattering (GIXS), the
X-ray beam st rikes the sam ple sur-
face at angles close to the critical an-
gle for total reflection. (Total reflec-
tion occurs when the angle between
the inciden t beam and the surface is
very sm all if t he X-ray index of re-
fraction is less than u nity, as it is for
most solids.) Depending on t he an-
gle of incidence, the X-ray beam pen-
etrates from about two nanometers
to several m icro m et ers below t he
surface. The bea m is only diffract-
ed by the material it penetrates, so
t hat  t he struct ures of  t he firs t  few
layers of a thick material or those of
thin films can be deter m ined. First
appl ied to ordered in terfaces and
then to surfaces whose structures dif-
fer from that of t he in terior (recon-
st ructed surfaces), the technique is
now used extensively in m aterials
research to determine t he structure
of oxide layers in se m iconductors
and magnet ic m aterials, as well as
t hat  of  t hi n am orphous (non-
crystalline) fi lms.

1960s,  synch ro tron radiat ion has
vas t ly enhanced t he u t ili ty of pre-
exis t ing a nd con t e m porary tech-
niques, such as X-ray diffraction and
X-ray pho toelec tron spec troscopy
(pho toem ission), respect ively, and
has given rise to scores of new ways
t o do experi m en ts t hat would n o t
ot her wise be feasible, or even pos-
sible. Generated by electrons (or pos-
itrons) circulating for many hours at
t he speed of ligh t in accelera tors
called storage rings, synchrotron ra-
diat ion is, in t he newest facili t ies,
one billion t i mes brigh ter than t he
ligh t from conven tional X-ray tubes.
Moreover, the wavelength can be se-
lected over a broad range to m atch
t he needs of part icular experimen ts.
Toget her wi t h addit ional feat ures,
such as con trollable polariza t ion
(both linear and circular), laser-like
collim ation, and pulsed tim e st ruc-
ture, these characteristics make syn-
chrotron radiation t he X-ray source
of choice for such a wide range of ma-
terials research that the following ex-
a mples can only give a flavor of i ts
impact on t he field.

Materials research using X rays
tends to be grouped into techniques
carried out at high X-ray photon en-
ergies (hard  X  rays) a n d a t low X-
ray photon energies (soft X rays).

HARD X-RAYS

X-ray Crystallography in Two
Dimensions

Since W. L. Bragg’s  first  deter mi-
nat ion  of  a  crys tal  s tructu re (rock
sal t ) in 1913 by m easuri ng the in-
tensities of X-ray beams diffracted by
t he N aCl crystal, researchers have
m ade rem arkable advances in their

Aerial view of the Stanford Synchrotron
Radiation Laboratory at SLAC.
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average environm ent of each atom-
ic species in t he m aterial. For
example, how many nearest neigh-
bors, next nearest neighbors, and so
on does  t hat  a to m have? What
species are t he neighboring atom s,
and what are the distances to those
neighbors?

High-accuracy X-ray absorption
spectroscopy, made practical by the
intensity and wavelengt h t unability
of synch ro tron radiat ion,  has pro-
vided  m ajor advances in our ability
to obtain such descriptions. In t his
approach, one measures the X-ray ab-
sorption coefficien t as a function of
photon energy near an X-ray absorp-
tion edge. (An X-ray absorption edge
is the energy required to knock an
electron ou t of an atomic quan tu m
state; each atom has a u nique set of
edges, some of which occur at hard
X-ray and so m e at soft X-ray p ho-
ton energies.) As shown in the illus-
tration on the left, the X-ray absorp-
t ion coefficien t drops rela t ively
smoothly with increasing photon en-
ergy u n t il t he absorp t ion edge is
reached, t hen it rises markedly and
begins an overall decrease wit h in-
creasing photon energy. Oscillations
are, however, superimposed on t his
decrease. The sharp feat ures closest
to t he edge are know n as X-ray ab-
sorption near-edge structure (XANES
or NEXAFS), while those oscillations
cont inuing to abou t 1000 eV above
t he edge are known as extended X-
ray absorption fine structure (EXAFS).
Bot h reflect  t he i nfl uen ce of  t he
ato m s surrou nding t he absorbing
atom on t he absorption coefficient,
although in qui te different ways, so
that, even in a very complicated ma-
terial, one can obtain the average en-
viron m ent of t he specific ato m ic

Som etim es, t he sample itself is
only one or two molecules thick, so
that it is in effect a two-dimensional
sys te m w here behavior can differ
from t hat usually observed. Among
the most  exci ting two-dim ensional
phenomena to be analyzed are melt-
i ng and crys tal lizat ion. In t h ree
dimensions, crystallization is a first-
order t ransi t ion wit h a laten t  heat
and a well-defined melting tempera-
t u re a t w h ich t he m aterial t rans-
forms from highly disordered liquid
to a well-ordered crystal. But, in two
di m ensions,  t he liquid-solid trans-
formation can be continuous over a
range of te m perat u res. As t he l iq-
uid is cooled, the maxim u m size of
ordered region s wit h in t he liqu id
grows until it  covers the entire sam-
ple (i.e., the range of order diverges)
a t  t h e  “ m e l t i n g ”  t e m p e r a t u r e .
Experimental understanding of this
process at the microscopic level has
com e pri m arily through t he use of
synchrotron radiation whose high in-
tensity is necessary to obtain a strong
signal fro m t he extre m ely s m all
n u m ber  of  scat t ering  a to m s  an d
whose collimation (high angular res-
olu t ion) is required to observe t he
divergence of the order range.

Disordered Materials and X-ray
Absorption Spectroscopy

A very large  port ion of  the  mat ter
i n our world is  not  in t he t wo- or
three-di mensional crystalline for m
st udied by crystallographers. Much
of it is amorphous or liquid. Because
such materials lack t he periodici ty
that m akes t he description of crys-
tals relatively simple, they m ust be
described in different ways. The most
i m portan t  way  is  to  deter m ine  t he

Zeolites are essential to modern industry with
numerous applications, including use as ion
exchanges, sorbents, separation media, and
hydrocarbon conversion catalysts. They are
aluminosilicates whose structures have pores
and channels of molecular dimensions, as
shown in the top figure. Their catalytic proper-
ties can be modified by incorporation of
transition metal ions, such as Fe+3. The bottom
figure shows the X-ray absorption coefficient
versus photon energy near the absorption edge
of Fe+3 in iron zeolite, which was measured to
determine the Fe coordination. (From work
of C. M. Stanfel, K. O. Hodgson, I. J. Pickering,
G. N. George, and B. Hedman of Stanford/SSRL
plus D. E. W. Vaughan and K. G. Strohmaier,
Exxon Research and Engineering Co.)
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intensities and wavelength t unabil-
i ty.  At SSRL,  its first application was
i n response to a clai m t hat  super-
heavy elements were present in some
minerals. This claim had enormous
significance, since the elements have
higher atomic nu mber than any that
had been created in accelerators., but
scientists from Oak Ridge National
Laboratory detected no signal at all,
thereby demonstrating that t he con-
centrations had to be far below those
claimed, if the super heavy elements
were presen t at all.

The  se miconduc tor  indus try
presen tly uses a varian t of this tech-
nique called total reflection X-ray flu-
orescence (TXRF) to screen t he sur-
face of polished silico n wafers for
unwanted metallic and light-element
i mpurities before microcircuit fabri-
cation begins. Grazing incidence is
used to obtain surface sensitivi ty, as
in GIXS, and the fluorescent radiation
is  detec ted. TXRF wi t h a conve n-
tional  X-ray source is  now used al-
most rou tinely, bu t abou t one hun-
dred t i m es greater sensi t ivi ty is
required to aid in t he developm ent
of fabrication processes for the high-
density in tegrated circuit s planned
for the first decade of t he next cen-
tury, according to the Se miconduc-
tor Indus try Associa t io n’s (SIA)
“ Nat ional Technology Roadmap for
Semiconductors.”

Over t he pas t t wo years, a col-
laboration of scientists from Hewlett-
Packard, In tel and SSRL, with assis-
tance fro m Kevex and Lawrence
Berkeley National Laboratory (LBNL)
staff, have achieved a fifty-fold sen-
si t ivi ty increase using synchrotron
radiat ion as t he X-ray so urce. De-
tec tor and ot her im prove ments are
likely to yield the re maining factor

species whose absorption edge is be-
ing studied. In the same way, one can
determine the average environments
of the individual atomic constituents
of an amorphous material.

Since XA NES and EXAFS are
linked to the excitation process, the
pho ton-e nergy dependence of any
process directly associated with the
excita tion can yield the fine s truc-
ture and the local environmental in-
for m ation.  T hus,  t he fluorescence
given off  by t he absorbing a to m
(w hose pho to n energy depends on
which absorption edge is excited and,
hence,  i s  u n ique  to  each  a tom ic
species) can be used as t he signal,
and, wit h a detector t hat discri m i-
nates against all other photon ener-
gies, an enormous increase in signal-
to-noise is obtained. T his en hance-
m ent is particularly valuable when
t he species of in teres t is presen t in
very low concentrations, such as di-
lute impurities in semiconductors or
proteins in solution. Similarly, meas-
ure men ts of  t he photon-energy de-
pendence of t he nu mber of electrons
photoemitted from the solid are used
t o analyze t he en viron m en ts of
atoms on the surfaces of materials.

High-Sensitivity Chemical Analysis
and Microcontamination

X-ray fluorescence ca n also be
used for n ondestruct ive che m ical
analysis of materials; in fact, it is the
second m ost com mon use of X rays
for materials research. Analysis of
t he ph ot on energies a t w h ich
fluorescence is e m it ted yields t he
sa m ple’s  co m posit ion.  Wit h syn-
chrotron radiation, the sensitivity of
t his tec hn ique has been increased
m arkedly because of t he h igh-

X-ray diffraction intensity measured over eight
orders of magnitude for two silicon wafers which
had previously been subjected to different
cleaning procedures. Small differences in the
wings of the peak, where the intensity of the
diffraction is a consequence of the crystal being
terminated by a surface, are being used to
develop methods to characterize the effect
of the procedures on the wafer surfaces.
(Courtesy of A. Munkholm and S. Brennan,
SSRL)
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such as galliu m arsenide, offer i m-
por tan t advan tages over silicon for
high-speed devices and for combin-
ing electrical and optical funct ions
in one device.

A Stanford U niversi ty /SSRL
group has provided the first m icro-
scopic in-sit u observations of sput-
ter ing, a co m m on m e t hod of de-
positing fi lms of myriad types. These
observations m ade it possible to un-
derstand t he relationships between
sput tering parameters and the struc-
ture  of  the  spu t tered fi lm. Scien tists
from t he Lawrence Liver m ore N a-
tional Laboratory (LLNL) and the Uni-
versity of New Mexico have observed
welding-i nduced solid-s ta te phase
transformations using time-resolved
X-ray diffraction. Depending on the
sit uation, such transformation may
be beneficial or har mful. The ability
to study t he dynamics of process in
solids poten t ially represents one of
the  most  important  impacts  of  syn-
chrotron radia tion on materials re-
search.

X-Ray Microtomography

Im aging has been t he most  i m-
portant use of X rays since their dis-
covery. Among the most dramatic re-
cen t develop m en ts in t his field is
computer-aided tomography (CT),  in
which three-dimensional images are
reconstructed mathematically from
absorption radiographs taken at var-
ious angles with respect to t he sam-
ple. The m ost fa miliar C T applica-
t io n t o  m os t  of  u s  is  m edica l
diagnost ic radiology, where spat ial
resolution is of the order of 500 mi-
crometers. With the use of synchro-
t ron radia tion, high-resolu t ion C T ,
or m icrot om ography, is becom ing

of two. Their TXRF experimental sta-
tion at SSRL has now been tested by
several ot her major se miconductor
companies. This successful demon-
st ra tion has  resul ted in TXRF wit h
synchrotron radiat ion being placed
on t he Metrology Road map, a sup-
plement to the SIA roadmap. Efforts
are now under way to transfor m the
approach from one sui table for the
research laboratory to a routinely us-
able, consistently reliable technique.
Doing so will likely also require co-
ordination of operat ing schedules at
two or more synchrotron sources, so
that at least one is running when the
other is down for maintenance.

Dynamic Processes in Solids

Synchrot ron radiation beams are
sufficien t ly brigh t t hat bot h scat-
tering and X-ray absorption data can
be acquired rapidly enough to follow
processes as they occur in real time.
For example, materials scien tists are
increasingly using these techniques
to study dyna m ic processes in ma-
terials, such as the evolution of a ma-
terial’s s t ruc t u re as i t undergoes
physical or che m ical ch anges, i n-
cluding the growth of  sem iconduc-
tor wafers or films prior to device fab-
rication and the transformation from
one solid phase to another t hat  oc-
curs w hen m et al alloys are heat-
treated to i mprove their strengt h or
ductility.

A team comprising researchers
from AT&T Bell Laboratories, the IBM
Research Division, and SSRL has col-
laborat ed on in-si t u s t udies of  t he
growt h of  co m pound se m iconduc-
tors by the co m mercially important
organom etallic vapor-phase epitaxy
method. Compound semiconductors,
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Schematic of chamber used to perform
dynamic, in-situ X-ray studies of the
organometallic vapor phase epitaxy
production of thin gallium arsenide
(GaAs) films. Organometallic vapors of
gases containing arsenic (TBAs) and
gallium (TMG) carry these elements to
the heated substrate, where the GaAs is
formed. Hydrogen transports the vapors
and prepares the substrate surface.
Grazing-incidence X-ray scattering is
used to study the substrate and film,
while the vapors are studied with X-ray
spectroscopy. (Courtesy of P. Fuoss)



BEA M LINE 41

increasi ngly effect ive as a m ateri-
als research tool, largely due to pi-
oneering efforts by t wo team s, one
from LLNL, Sandia N at ional Labo-
ratories, and the University of Dort-
mund and the other from Exxon. The
technique now provides images with
spat ial resolu t ion of t he order of a
few micrometers in samples with di-
a m eters less t han one cen t i m eter.
One of the at tributes of synchrotron
radiat ion m ost cri t ical to t h is i m-
proved capability is t he natural col-
li m a t ion of t he radia t ion, which
leads to the resolution improvement.
Another is the ability to select a sin-
gle photon energy that is absorbed
by t he m aterial of i n teres t , w hich
m axi m izes t he ra t io of signal to
noise. These improvements have al-
lowed detailed st udies of failure in
metal-matrix composites, as well as
studies of the progression of osteo-
porosis in rats.

SOFT X RAYS

Angle-Resolved Photoelectron
Spectroscopy

The starting poin t for determ in-
ing many of a m aterial’s propert ies
is its band structure. Photoelectron
spectroscopy has been a particularly
useful way to probe the band struc-
t ure of solids. Based on the photo-
electric effect explained by Einstein
in 1905 but developed as a useful tool
only in the 1960s with the adven t of
ultrahigh-vacuu m technology, pho-
toelect ron spect roscopy is  the
measurement  of  t he  spectrum of  ki-
ne t ic energies of pho toelect rons
e m i t ted fro m a m at erial af ter ab-
sorption of a photon (see diagram on
the  righ t ).  To s t udy t he ban d

s t ruc t u re, one exci t es t he loosely
bound valence elect rons with low-
energy ultraviolet or soft X-ray pho-
tons. An i mpor tant feature of band
s t ruc t u re t ha t is accessible to
photoelect ron spect roscopy is  t he
variat ion of t he n u mber of valence
s t a tes wi t h energy ( t he densi t y of
states).  A major advance came in the
m i d-1 97 0s  w h e n  sy n c h ro t r o n -
radiat ion researchers from AT&T Bell
Laboratories developed angle-resolved
photoelect ron spectroscopy at the
University of Wisconsin Synchrotron
Radiat ion Cen ter. T he idea is t hat
the momentu m of the photoelectron
is  related to  t he  mom entu m of  t he
valence sta te. Measuring t he direc-
t ion as well as t he kinet ic e nergy
gives the momentu m and, hence, a
way to “ map” the band structure and
thereby test theoretical calculations.

High-te mperat ure superconduc-
tors provide a con t e m porary illu s-
tra t ion of  t he useful ness of  angle-
resolved photoelectron spectroscopy,
al t hough t he s t rong Cou lom b an d
m agnet ic  in teract ions  in  t hese
m aterials m ake the applica t ion of
conven tional band structure proble-
m at ic. Metallic superconduct ors
known before t he 1986 discovery of
the high-temperature ceramic super-
conductors owe their behavior to an
interaction between the valence elec-
trons that is mediated by vibrations
of the crystal lat tice. The in teraction
usually results in a small energy gap
bet ween t he superconduct ing an d
nor m al s ta tes t hat is sy m m etrical
(i.e.,  t he gap is t he sa m e for all
m oment u m direct ions). The in ter-
action responsible for superconduc-
t ivi ty in t he new superconductors
that can operate at temperat ures up
to 125 Kelvin or  so re m ains
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Schematic diagram of the quantum states in a
crystalline solid and the photoelectron spectrum
for a photon energy ε. Shown are core states in
potential energy wells, the portion of a valence
band occupied by electrons (cross-hatched),
and a state in a potential energy well associ-
ated with the surface. The vacuum level is the
minimum energy needed for a photoelectron to
escape the solid. Peaks in the photoelectron
spectrum occur at kinetic energies equal to the
excess above that needed for the photoelectron
to escape the surface. The large peak in the
photoelectron spectrum at low kinetic energies
is due to secondary electrons that lose energy
during collisions on the way to the surface
(Courtesy N. V. Smith, LBNL, and F. J. Himpsel,
IBM T. J. Watson Research Center)
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con trovers ia l,  b u t  rece n t  a ngle-
resolved photoelectron spectroscopy
m easure m en ts repor t ed only las t
year by a Stanford University group
working a t SSRL have now show n
t hat t he energy gap is s t rongly
anisotropic, thereby narrowing the
theoretical options (see figure at left).

Photoemission From Surfaces
and Interfaces

X rays can penetrate deeply into a
solid before being absorbed, so that
a pu ta tive photoelect ron has som e
distance to travel in order to escape
from t he surface. The probability of
escaping wit h no en ergy losses de-
pends on the kine t ic  energy of  t he
photoelectron, reaching a minim u m
of a few angstroms. Experi m en ters
using sync hrot ron radiat ion ca n
therefore tune the X-ray photon en-
ergy to produce photoelectrons from
very near the surface or deeper in the
bulk, a feat ure t hat t urns photoelec-
tron spectroscopy into a surface-sen-
si t ive tech n ique. However, w h ile
clean surfaces prepared in t he labo-
ra tory often have long-range order,
surfaces in the “real-world” may by
design or  ot herwise be harder t o
characterize. Phot oelec tron spec-
troscopy from core states is well suit-
ed for probing short-range order and
local proper t ies (e.g., ato m ic coor-
dinat ion and oxidation st ates) t hat
can be s t udied in t hese circu m-
s tances. Of par t icular in teres t, t he
energy of core states has a si mple re-
lation with chemical properties, such
as the type of chemical bond, that de-
pend on the local environ ment.

An important example is analy-
sis of t he processi ng of co m put er
chips, w h ich i nvolves co m plex

surface che m is t ry. Pa t ter ns in ad-
vanced integrated circuits are etched
into a silicon surface by the process
of plasma etching. In t his process, a
fluorocarbon plasma removes silicon
fluoride moleclules from the surface.
There are many process parameters
that have been optimized empirical-
ly,  bu t  t he  physical  reasons  for
choosing t he m are u nclear. In t he
mid 1980s, researchers from t he IBM
T. J. Watson Research Center inves-
t igated the  in t eract ion of  fluor ine
atoms wit h well-prepared and char-
acterized silicon surfaces in experi-
men ts at the National Synchrotron
Ligh t Source (N SLS).  The  group
de m onstra ted t ha t re m oval of t he
m olecu le si licon t r ifluoride is a
bot t leneck in the etching react ion,
independent of crystallographic ori-
en tation and other parameters, a fact
that was not known before this work
(see diagra m on nex t  page). T hey
have since extended their use of core-
state photoelectron spectroscopy to
investigate how silicon dioxide forms
on silicon surfaces, anot her crucial
process in chip manufacture.

Spectroscopic Imaging

Inhomogeneity is a fact of life for
materials that aspire to work in the
real world. Materials scien t ists de-
liberately m ix in addi t ives, w hich
may be distribu ted u nevenly, to im-
prove the performance of metals and
alloys, superconductors, per manent
m agnets, and ceramics. Even com-
pu ter chips based on single crystals
of silicon have circuit pat terns made
of o t her m aterials i m prin ted on
them. To examine materials on a lo-
cal scale rather t han m easuring an
average over the en tire sample, it is
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Angle-resolved photoelectron spectra
for the superconducting compound
Bi2Sr2CaCu2O8 in the superconducting
(20 K temperature) and normal (85 K
temperature) states for two directions of
the momentum (A and B). In the super-
conducting state, the appearance of an
energy gap shifts the photoelectron
spectrum near the Fermi energy (EF) to
lower energies in direction A but not in
direction B (i.e., the gap is anisotropic).
The inset shows the variation of the gap
with direction in the surface plane as
represented by an angular function f(θ)
chosen for ease of comparison with
theory. (From work of Z.-X. Shen, W. E.
Spicer, and D. M. King, Stanford
University; D. S. Dessau, SSRL; and
B. O. Wells, Massachusetts Institute of
Technology)
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necessary to have spatial resolu tion.
With focused synchrotron radiation
i t is possible to direct enough pho-
tons into a small area of the sample
to generate a useful signal. The most
intuitive means of obtaining spatially
resolved spect ra is by rastering t he
spot across the sample (or the sam-
ple t hrough t he spo t).  Most of t he
usual  photon and electron spect ro-
scopies can be done in this way with
a spatial resolution limited by the spot
size. Alternatively, larger sample areas
can be illuminated and imaging
achieved by photon or electron optics.
In either the scanning or the imaging
mode, t he new terms spectromi-
croscopy and spectroscopic imaging
have been coined to describe this ca-
pability.

Poly m er blends are a case in
poi n t. Designed in t he hope of ob-
taining t he high performance of ex-
pensive m a terials at a lower cos t,
blends often exis t  in discret e do-
m ains or phases with different com-
posi tions. Morph ological feat ures,
such as domain size, presence of in-
clusions, and interparticle distances,
are  i m por tan t  deter m inan ts  of  t he
m echanical proper t ies of poly m er
blends. Experiments in 1992 with a
scan ni ng X-ray m icroscope a t t he
NSLS provide dramatic evidence for
a new and direct means for investi-
gat ing t he m orphology of poly m er
blends. With spatially resolved near-
edge X-ray absorption spec troscopy
(micro-XANES) involving chemical-
ly se nsi t ive core s ta t es,  t he re-
searchers were able to i m age the
structure of polymer blends, includ-
ing the visualization of domains sev-
eral micrometers in diameter corre-
sponding to regions of  differen t
co m posit ion and various ot her

feat u res, suc h as inclusions and
holes. More recent experiments have
exte nded t he tec hn ique to s t ill
sm aller structures in other types of
polymers. The ultim ate spat ial res-
olu t ion h as no t  been reach ed bu t
m ay  e ve n t u a l ly  be  be t t e r  t h a n
100 angs t rom s in newer facili t ies.

Circular Polarization

T he use of circularly polar ized
synchrotron radiation is now at the
cu t ting edge of research on proper-
ties t hat are dependen t on elect ron
spin, such as the magnetic properties
of solids and thin films, a subject not
only of academ ic in teres t to solid-
state physicists and materials scien-
t is ts bu t also of con siderable eco-
nom ic i mportance to the magnetic
recording industry. Spin-dependence
is at t he core of understanding mag-
net is m on a m icroscopic scale. For
magnetic materials, t he opportuni-
t ies range from develop m en t of a
basic unders tanding t hat can have
the same impact on the development
of magnetic materials as band theory
has had on sem iconductors,  to
applications-oriented areas associated
wi t h t he proper t ies  of  m agne tic
memory and recording devices. Mag-
netic circular dichroism (MCD) spec-
troscopy, which is essentially the dif-
ference bet ween t he absorp tion of
l ef t -  a nd  r igh t -h a n ded  po la r i zed
photons by a sample in a m agnetic
field, is the key for probing magnetic
materials.

Alt hough M C D experi m en ts
based on core-state X-ray absorption
were repor ted firs t in Ger m any in
1987, effective use of soft X rays for
t he i nves t igat ion of  m agnet ic m a-
terials containing transition metals

Photoelectron spectra for silicon
exposed to a low and a high concen-
tration of fluorine. The energy of the
silicon peak depends approximately
linearly on the number of fluorine atoms
bound to silicon at the surface. The
large peak due to silicon trifluoride in the
spectrum for high fluorine exposure,
which simulates a plasma etching
environment, indicates that removal of
this molecule from the surface is the
bottleneck of the etching reaction. (From
the work of F. R. McFeely, J. F. Morar,
G. Landgren, F. J. Himpsel, and
N. D. Shinn, IBM T. J. Watson Research
Center)
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(particularly iron, cobalt, and nickel)
was pioneered by an AT&T Bell Lab-
oratories group. Thin fil ms con tain-
ing m ultiple layers of magnetic and
non-magnetic  elem en ts,  which are
u nder  in te nse  invest iga t ion as
candida tes for fu t ure high-density
magnetic storage materials, illustrate
the usefulness of MCD. By tuning the
photon energy to t he elem en t(s) of
in terest in each layer, the researcher
can select which layer to probe. The
AT&T group and its collaborators, for
exa m ple, repor ted in 1993 experi-
m en ts  a t  t he N SLS t he  abi li ty  to
m easure separately the magnetiza-
tion of each layer as a function of ap-
plied m agne t ic field (hysteresis

curves), as well as detect interactions
bet ween layers no t  observable by
conventional techniques (see bot tom
illust rat ion). Hys teresis curves are
t he m ost  fu nda m en t al  charac-
terizat ion of a m agnet ic m aterial,
yielding t he magnetic moment giv-
i ng r ise to t he m agnet iza t ion and
other infor mation.

Spa t ially resolved M C D spec-
troscopy is called magnetic imaging.
A group including researchers from
the IBM Al maden Research Cen ter
and t he U niversi t y of  Wiscon si n
Synchrotron Radiation Center work-
ing at SSRL graphically dem onstrat-
ed t he vir tues of m agnetic i maging
i n  1993  expe r i m en te r s  on  a
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X-ray absorption spectra from iron and
cobalt core states in a multilayer sample
of iron, cobalt, and copper. The spectra
for each element show two peaks (L3
and L2) corresponding to absorption by
two different core states. The red
curves are spectra for the case of anti-
parallel electron spin and photon spin
(helicity), whereas the black curves are
for parallel spins. The difference be-
tween the two curves is the magnetic
circular dichroism, which has opposite
signs for the L3 and L2 peaks. (From
work of C. T. Chen, H.-J. Lin, and
G. Meigs, AT&T Bell Laboratories; Y. U.
Izerda, A. Chaiken, and G. A. Prinz,
Naval Research Laboratory; and G. H.
Ho, University of Pennsylvania)

com merical magnetic recording disk,
basically a cobalt-platinu m-chromi-
u m alloy covered wit h a t h in pro-
tective layer of carbon and lubricant.
Using M C D fro m core s t ates in t he
cobal t  t o provide t he co n t ras t  fo r
a microscope using electron opt ics
to image electrons fro m the surface,
t he  experi m en ters  m ade  i m ages  of
t he pat tern of m agnet ic do m ains
(bi ts) on t he data-storage disk (i.e.,
domains magnetized in one direction
had a large posi t ive M C D signal,
whereas the domains magnetized in
t he opposi t e direc t ion had a large
negative signal).

NEW  CO NSTRUCTIO N
DEMO NSTRATES IMPACT

If t here were any doub ts abou t  t he
value of  synchrotron radiat ion,  the
cu rren t  worldwide spur t  i n bu ild-
ing new facilities—including in the
U.S. the Advanced Ligh t Source at
LBNL and t he Advanced Photo n
Source at Argon ne N at ional Labo-
ratory with a combined cost exceed-
ing $900 million—should pu t them
to rest (see “ Third-Generation Syn-
chrotron Light Sources” in the Spring
1994 Bea m Line , Vol. 24, N o. 2,
pp. 17–28).  Even wit h dozen s of
beamlines guiding synchrotron radi-
at ion sim ult an eously to as ma ny
waiting experiments at each facility,
the demand for beam time shows no
sign of leveling off. In the more dis-
tan t future, there is the possibility of
using electron linear accelerators to
make XP-ray lasers that generate very
powerful coherent beams.

A magnetic image of an area on a data-storage disk made of a cobalt-
platinum-chromium alloy containing domains of 10 by 10, 10 by 2, and
10 by 1 square micrometers. To obtain the highest resolution, the image
was made by subtracting an image obtained at the cobalt L3 peak (see
bottom figure on this page) from the reverse-contrast image obtained
at the L2 peak. (From the work of J. Stöhr, Y. Wu, B. D. Hermsmeier,
M. G. Samant, and G. R. Harp, IBM Almaden Research Center; and
S. Koranda, D. Dunham, and B. P. Tonner, University of Wisconsin,
Madison)
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ROEN TGEN’S

INITIAL DISCOVERY

of X-radiation in 1895 led im mediately

to practical applications in medicine. Over the next

few decades X rays proved to be an invaluable tool

for the investigation of the micro-world of the atom

and the developmen t of the quantu m theory of mat ter.

Almost a cen tury later, telescopes designed to detect

X-radiation are indispensable for understanding the

structure and evolu tion of the m acro-world of stars,

galaxies, and t he Universe as a whole.

The X-Ray Universe
by WALLACE H. TUCKER

X-ray i m ages of the U niverse are
strik ingly differen t fro m the

usual visible-light i m ages.
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did not  th in k: I invest iga t ed.”
U ndeterred by N ASA’s reject ion
of a proposal t o search for cos m ic
X-radiation, Giacconi persuaded the
Air Force to fund the project with the
understanding that its primary goal
was t o loo k for X rays fro m t he
moon.

The AS&E team’s first t wo X-ray
astronomy rocket  fl ights  failed.  The
third try, in June 1962, was a success.
During an observat ion period t hat
lasted just over five minutes, Geiger
coun ters a hundred times more sen-
sit ive than any used before detect-
ed a s trong source in t he constella-
tion of Scorpius, as well as a smooth
backgrou nd glow.  Wit hin a year

THE BIRTH OF THE FIELD

X-ray as t rono m y e m erged wit h
t he space age, because X-ray obser-
vatories cou ld now be posi t ioned
above earth’s X-ray-absorbing at mo-
sphere. This may seem strange, since
X rays pass righ t t hrough our flesh,
w hich is  m uch de nser  t han t he
at m osphere. Even though the atoms
in the at mosphere are widely spaced,
the total thickness of the at mosphere
is so great that an X ray has a neg-ligi-
ble chance of get t ing to t he ground.
(T he lower-energy visible-ligh t
photons interact weakly with the at-
m ospheric atoms and pass t hrough
with lit tle absorption.)

In Sep te m ber 1949 a t ea m led
by Herber t Fried m an of t he N aval
Research Laboratory was t he firs t
t o detect  X-ray em ission fro m t he
solar corona, t he hot ou ter layers of
the  sun’s a t mosphere. Their exper-
i m en t consis t ed of a collect ion
of s m all Geiger cou n ters aboard a
cap t u red Ger m an V-2 rocket . The
observed    X-ray emission was weak,
a m ou n ting t o only one m ill ion t h
of t he t ota l energy radia ted at all
wavelengths by the sun.

T he low X-ray ou tpu t fro m t he
s u n  l e d  m a n y  a s t r o n o m e r s  a n d
astrophysicists in the late 1950s and
early 1960s to t hink that effor ts to
build larger detectors and telescopes
to observe X rays from sources ou t-
side the solar system would be fruit-
less. For t unat ely, a group led by
Riccardo Giacconi at A m erican
Science & Engineering (AS&E) did
not lis t en to t he pu ndi ts. Ins tead
t hey followed t he exa m ple se t by
Roen tgen,  w ho w hen asked w ha t
he t hough t w hen he first observed
X rays in h is laboratory, replied, “I
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t hese resu l ts were verified by t he
AS&E group and confirmed by Fried-
m an’s group at the Naval Research
Laboratory.  A new field of astrono-
m y h ad been bor n. As a h is torical
foot note,  X-ray e m ission fro m t he
moon was not detected until 1990 by
t he Roen tgen Satellite X-ray obser-
vatory (ROSAT).

THE X-RAY SATELLITES

By 1967 t here were a doze n or
m ore groups i nvolved in X-ray
as tronom y,  and  more  than  th ir ty
sources  had  been  found.  Major
advances in t he field began in t he
1970s w it h t he use of sa t elli t es

The absorption of X rays by the earth’s atmosphere restricts ground-based
observations to radio, near infrared, and visible wavelengths. X rays are absorbed
high above the earth.
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equipped with X-ray detectors. The
first of t hese, Uhuru , was launched
in 1970. In 1978, N ASA’s  Einstein
X-ray observatory was the first large
focusing X-ray telescope to be placed
in  orbi t .  The Einstein  X-ray t ele-
scope produced h igh-re s o l u t i o n
i m ages a n d acc ura t e locations for
t housands of cosm ic X-ray sources.
T h is  a nd la t er  m iss io ns  h ave ob-
served X rays fro m ordinary s tars ,
w hi te dwarf s tars, neu tron st ars,
black holes, interstellar shock waves
produced by stellar explosions, the
n uclei of galaxies, and hot gas in
in tergalactic space.

T he X rays detect ed by X-ray
astronom ers,  like t hose pu t  to use
in ind us try,  medicine,  an d labora-
tory research, m ust be produced by
high-energy part icles. It is not sur-
prising,  then,  t hat  an X-ray i m age
of t he sky can look markedly differ-
ent from an optical image. In essence,
X-ray images reveal hot spots in the
u n iverse: regions w here par t icles
have been energized or raised to very
h igh t e m perat ures by phen o m en a
such as s t rong m agnet ic fields,
violen t explosions, or in tense grav-
i ta t ional forces. T he te m perat ures
inferred are typically several orders
of magnit ude higher t han t hose on
t he surfaces of stars. Where do such
condit ions exist? In an astonishing
variety of places, ranging from t he

vast spaces bet ween galaxies to the
bizarre warped space around neutron
stars and black holes.

The ROSAT m ission, an in terna-
tional collaborat ion involving Ger-
many, the United Kingdo m, and the
United States, launched in 1990, has
the most sensitive detector so far for
low-energy X rays of the type emit-
ted by stars similar to t he sun. T he
source of X rays from t hese stars is
a hot gaseous upper a t mosphere, or
coro na, t hat has been hea t ed to
temperatures of millions of degrees
Celsius.

Young stars less than a h undred
m illion years old are observed to
have a n X-ray ou tp u t  a  t housand
times more than that of the sun. This
sugges ts t hat t he X-radiat ion from
the young sun could have been much
s tronger t han i t is today.  How did
t h is enhanced radiat ion affect t he
evol u t ion  and  che m is t ry  of  t he
primordial at mosphere of the earth?
X-ray observat ions should help to
answer this vital question.

THE STRO N GEST
X-RAY SOURCES

The brigh test X-ray sources in the
sky are associated with the end phas-
es of stellar evolution: the rem nants
of super nova explosions as well as
neutron stars and black holes formed

United States
Missions

Future Missions:
Explorers
“Observer ” Series
AXAF Successor

HEAO-2 (Einstein)

Skylab

OAO-3 (Copernicus) AXAF

SAS-1 (Uhuru) XTE

DXSBBXRTSpartanVela Series

Early Rocket Fligh ts Suborbital Progra m

1960 1970 1980 1990 2000 2010

Scorpius X-1
Discovered

Cos mic X-Ray
Background Confirmed

40 X-Ray
Sources Known

X-Ray Pulsars
Discovered

First X-Ray
Im ages

First
Space Shu t t le

Flight

2000 X-Ray
Sources Known

ROSAT
Launched

60,000 Sources KnownX-Rays From
SN 1987 A

in the violen t final seconds of a mas-
sive s tar ’s nor m al exis tence. The
X-ray emission from these collapsed
stars is billions of times greater than
that from t he sun.

The lau nch in 1970 of the Uhuru
X-ray sa t elli te by N ASA m ade i t
possible to m oni tor X-ray stars for
prolo nged periods of t i m e. I t was
discovered t hat the X-ray em ission
fro m t hese s tars undergoes rapid,
i n t ense,  a n d  so m e t i m es  period ic
varia tions. Combined observations
wit h opt ical and X-ray t elescopes
have demonstrated that these X-ray
sources are m embers of binary sys-
tems in which mat ter streams from
a normal star onto a nearby  collapsed
star  wi t h  an in te nse  gravi t a t ional
field.

In most X-ray binary star systems,
t he collapsed star is a neu tron star.
Neu tron stars are t he end products
of t he evolu tion of  s tars  approx-
i m ately  t en  t i m es  m ore  m assive
than the sun. T hese stars undergo a
supernova explosion in which most
of t he star is expelled in to space at
very high speeds. A shock wave anal-
ogous  to  a  im mense  son ic  boom
spreads t h rough space, hea t ing
in t erstellar gas to te m perat ures of
m illions of degrees. X-ray observa-
t ions s t udy t hese shock waves for
clues abou t t he origin of all of t he
heavy elements from carbon on up.

X-ray astronomy
missions, from

1960–2000.
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Left behind is the rapidly spinning,
highly magnetized, compressed core
of the star—a core so dense t hat the
elect rons have co m bined wit h t he
protons to for m an object com posed
m ost ly  of  ne u t rons.  A  sa m ple  of
neu tron st ar m aterial t he size of a
sugar cube would weigh one billion
tons. Most neu tron s tars appear to
have a m ass abou t equal to t hat of
the sun compressed into a ball about
twen ty kilometers in diameter. The
strong m agnetic field on the surface
of t he s tar can funnel t he infalling
mat ter, resulting in a hot spot which
manifests itself as a regularly pulsing
X-ray source.

BLACK HOLES

For a fe w binary X-ray s tar sys-
tems, the mass of the collapsed object
is deduced to be greater t han t hree
t i m es  t he  m ass  of  t he  su n.  T hese
objects are presumably the end prod-
ucts of stars even more massive than
those that produce neutron stars. The
theory of dense mat ter and Einstein’s
theory of general rela tivi ty require
tha t  such an object would collapse
in on it self to for m a warp in space
called a black hole. A black hole does
no t have a su rface i n t he nor m al
sense of the word. It is more like a
w hirlpool wi t h a cri t ical range of

influence. The critical distance from
a black hole is called the gravitational
horizon. Anything that falls wi thin
the horizon—matter, light, X rays or
o t h er  fo r m s  of  e lec t ro m agn e t ic
radiation—is pulled inexorably in-
ward by the gravity of the black hole
and cannot escape.

N o u n iqu e X-ray signat u re of a
black hole has yet been discovered.
In ge neral, successful black hole
candidates meet two requiremen ts:
(i) t hey are lu minous X-ray sources
that exhibit large, rapid, and some-
t i mes quasi-periodic (a s table peri-
od wou ld indicat e a neu tron s tar)
fluct uat ions on a t i m e scale of
milliseconds; and (ii) opt ical obser-
vations of the primary star indicate
t hat it has an invisible com panion
with a mass greater than three times
the mass  of  the  sun,  the  theoretical
upper limit for the mass of a neutron
star.

To date, a half dozen such systems
h a ve  b ee n  d i sc ov er e d.  T h e  b es t
estimates of t he black holes in these
sys te ms are abou t 10 solar masses.
Observa tions by fu t ure m issions
such as t he X-ray Ti ming Explorer,
scheduled to be launched by N ASA
in Augus t of 1995, are expec ted to
expand this list.

GALACTIC BLACK HOLES

Black holes of m uch larger m ass
are t hough t to lie a t t he cen ter of
many and perhaps all galaxies. These
super m assive black holes, wh ich
could con tain the m ass of  as  m any
as a billion suns, are thought to form
when a stellar-mass black hole swal-
lows enor mous quan ti ties of in ter-
stellar gas t hat has accu m ulated in

N or mal Star

Accretion
Disk

X Rays

X Rays
Mass
Accretes

Cross section of an accretion disk
of a neutron star.



BEA M LINE 49

the central regions of galaxies. As gas
falls inward, it is accelerated to high
energies. This energized mat ter pro-
duces  copious  am oun ts  of  elec t ro-
magnetic radiation over a wide range
of wavelengt hs.

If the black hole is extremely mas-
sive and the rate at which it is pulling
in mat ter is large, the energy release
can be s t upendous.   T his  is  appar-
en tly what is happening in quasars.
They radiate as m uch energy per sec-
ond as a t housand or m ore nor m al
galaxies from a region about the size
of our solar system. It is as if a small
flashligh t produced as m uch light as
all the houses and businesses in the
en tire Los Angeles basin.

In black hole models for quasars,
matter approaching the gravitational
horizo n radia tes predo m i nan t ly
energet ic X-ray and ga m m a-ray
photons. A study of the intensity and
variabili t y of t he X- a nd gam m a-
radiat ion fro m quasars can t hen
prov ide  i n fo r m a t i o n  o n  t h e  s ize
of the black hole, the rate at which
i t  is  accre t ing mat ter,  and ot her
factors that are crucial to understand-
ing t he in ner worki ngs of  t hese
violen t maelstroms.

IN TERGALACTIC GAS
AN D DARK MATTER

T he m at ter arou nd black holes
radiates intense X-radiation because
it is highly compressed and exceed-
ingly hot. Extreme temperatures can
also be found in the near vacuum of
intergalactic space. In contrast to the
gas spiraling in to black holes, the
in tergalactic gas is hot because it is
spread out. Its low density makes it
easy to heat and difficu l t to cool.

Ordinarily this would also preclude
i t fro m produci ng any appreciable
X-ray emission. However, in certain
regions of space thousands of galax-
ies have cl us t ered toge t her. T he
amount of gas associated with these
clusters of galaxies may have a mass
equivalent to a hundred trillion suns.
The only direct way to study this gas
is through t he X-radiat ion it em its.
X-ray observations have shown that
t he m ass of t he gas i n cl us ters of
galaxies is considerable—comparable
to the mass of all the stars in all t he
galaxies.

Unless we are seeing a cluster of
galaxies at a very special time when
gas is exploding ou t of t he cluster,
the pressure of t he hot gas m ust be
balanced by t he gravi ty of t he clus-
ter. X-ray observations indicate that
t he hot  gas in clus ters  can not  be
confined by the co m bined gravi ta-
tional force of gas and galaxies. An
addi tional, as yet unobserved for m
of m at ter, called dark mat ter, m ust
be postulated.  The implied a mount
of dark m at ter is enor m ous, abou t
three to ten times as much as that of
the observed gas and galaxies.

If  t he conclu sion s draw n fro m
observa t ion of clus ters of galaxies
so far ca n be generalized to t he
universe as a whole, then dark mat-
ter is the predominan t component of
our Universe.

Is t he dar k m at t er co m posed of
dim stars, planets, or black holes? Or
does it consist of subatomic particles
t hat in teract wi t h ordinary m at ter
on ly t hrough gravity? We do not
know. Bu t it see ms certain t hat an
understanding of the nature of dark
matter could change our theories of
the formation of stars and galaxies,
t he na t ure of subato m ic par t icles,
and the evolu tion of the Universe.

X-RAY BACKGROU N D
RADIATION

Other i mportan t clues to the evo-
lu tion of  t he universe are found in
t he  X-ray  backgrou n d  rad ia t io n .
One of t he first discoveries of X-ray
as tronom y was an unexpec t edly
strong and uniform background glow
of X-radiat ion.  T he u nifor m ity of
the radiation suggests t hat it is not
co m ing fro m nearby galaxies, bu t
from a distance so great that all the
individual so urces m erge i n t o a
smooth background, just as the lights
of a distant city appear as a unifor m
glow.

T he c urren t  opin ion is  t ha t  t he
X-ray background radia t io n m ust
have been produced about ten billion
years ago. Someti me between a  mil-
lion and a few billion years after the
hot Big Bang phase from which our
Universe is though t to have evolved,
the universe made a dra matic tran-
si t ion fro m a s m oot h, feat ureless
s t a t e  t o  c l u m ps of  galaxies .  T h e
X-ray background radia t io n m ust
have been produced du ring t h is
transitional period. Radiation from
qu asar s  a nd  t he  b righ t  n uc lei  of
galaxies  appe ar  t o  be  capable  of
producing a significant portion of the

It see m s certain that an
understan ding of the
nature of dark m at ter

could change our
theories of the for m ation

of stars and galaxies,
t he nature of subato m ic

particles, and the
evolution of t he

U niverse.
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Above right: Photograph of the largest AXAF mirror.
Above: Schematic of nested pairs of grazing-incidence mirrors
which permit the precise focusing of X rays. (Courtesy
Harvard-Smithsonian Center for Astrophysics, Marshall Space
Flight Center, Hughes Optical Systems, and Eastman Kodak).

X-ray background, but it is still unclear if they can pro-
duce all of it.

THE FUTURE

What is clear is that future X-ray missions will probe
ever more deeply in to space wit h ever more sensit ive
and versat ile instr u men ts. T he most im portan t X-ray
astronomy mission of the coming decade will be NASA’s
Advanced X-ray Astrophysics Facili ty (AXAF),  w hich
is scheduled for launch in 1998. This observatory, with
its four sets of nested mirrors, will be the X-ray equiv-
alen t of the Hubble Space Telescope. AXAF and other fu-
ture missions will provide scien tists with opportunities
for deeper insight into black holes, dark mat ter, the X-
ray background, and the events that led to the formation
of the elegant galaxies and colossal clusters and super-
clusters of galaxies that constitu te our Universe.



"It's hard to waste 10 8 dollars."
—Philip Morrison (1975)
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X -R AY ASTR O N O MY began in a blaze of glory with extra-solar-syste m
sources brigh ter than anyone could rationally have expected. I  except,  of

course, the pioneers,  working with Bruno Rossi  and Herbert Friedman, who
built  t he first  rockets—such people are necessarily irrational or nothing new
would ever get done.

by VIRGINIA TRIMBLE

"But,  unfortunately, no longer i m possible."
—Virginia Tri m ble (1995)

On Beyond X
Astrophysics in the Gam ma Ray, Neutrino,

and Gravitational Radiation Regimes

THE U NIVERSE AT LA RGE
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In con trast, the field of gam ma ray astronomy saw gen-
erations of rationally-motivated detectors come and go
before the photons outnumbered the people writing about
t he m . T he sagas of neu t rino and gravita t ional radia-
tion astronomy are even stranger.

I have tried elsew here to draw some profound con-
clusion from t hese very differen t h istories, and failed.
Readers are therefore cordially invited to propose answers
to the question “And the moral of that is?” provided they
keep in mind that most of the founders of all four fields
are likely to be ou t there surfing the net.

GAMMA RAY ASTRO N OMY

Gam ma rays were par t of the astrophysical inventory
from 1920 to 1929, because cosmic rays were erroneously
so identified. Correlations with the earth’s magnetic field
cast early doubts, but t he critical measurement was one
of cos mic ray penet rat ing power. The paper, by Bot he
and Kohlhorster, is still exciting reading, even (or perhaps
especially) if you don’t know German. The firs t sentence
m entions “Ga m m astralu ng” and the last “Korpusku-
larst rahlen,” and in bet ween are t hree cen t im eters of
plu mbiu m. Limits on real cosmic gam ma rays dropped
to 1% of the part icle flux in the post-war era of fl igh ts
of V2 rockets and clones.

Theorists began advertising detectable sources in the
1950s—first, annihilation gam ma rays that, according
to Geoffrey Burbidge and Fred Hoyle, should be com-
ing from t he radio source Cygnus A if its energy source
was t he collision of a galaxy with an an ti-galaxy; and
second nuclear decay gam m a ray lines expected from
supernovae if t heir ligh t curves were powered by the
Californium-254 source advocated by Burbidge, Burbidge,
Fowler, and Hoyle. The classic 1958 previews, writ ten
by Philip Morrison and Sat io Hayakawa, popularized
these and other, less exotic, poten tial sources. Promised
fluxes ranged as h igh as 0.1−1γ / c m 2−sec in t he MeV
range.

An off-the-shelf nuclear e m ulsion stack, flown on
an Italian balloon, quickly cu t t hese nu m bers by 100.

T ho m as C line bu il t t he firs t de tect or delibera tely
designed for astronomical gam ma ray sources in 1961
and pushed the limits down to about l0−3γ /cm2−sec. The
extraordinary efforts required to beat down backgrounds
and extract signals shine through the bland 1962 remark
of Bill Kraushaar and George Clark that “ the rem ain-
ing 22 even ts, which come from a variety of directions
in space, are ga m ma rays.” Ji m Arnold, piggy-backing
on Ranger 3 in t he same year, defined t he diffuse back-
ground, while balloon and rocket-borne detectors pushed
sources down to near 10−4γ /cm2−sec, in terrupted by one
1966 false alar m at abou t the same level, in the general
direct ion of Cygnus. A 1967 review by Giovanni Fazio
pointed out t hat t he ratio of papers to con fir med extra-
solar-system photons above 100 keV was still infinity
(bu t h is discussion of the likely radiation processes has
held up well).

Gam ma ray photons coming from t he galactic cen ter
direct ion and fro m t he Crab N ebula finally appeared
in 1967–68.  T he Crab photons were pulsed and,  hav-
ing been collected in 1967 by Richard Haymes and his
colleagues, provide the earliest measurement we have,
or will ever have, of the pulsar period.

SAS2, t he firs t satellite opt i m ized for ga m m a rays,
went up in 1972 and quickly increased the photon nu m-
ber coun t to 104 or so, though the number of identified
sources hovered at  a  handful. C OS B re tu rned  2 × 105

photons  in the 1970s, leading to a catalog of a couple
dozen so urces, nearly al l u n iden t ified. Balloons a nd
rockets cont inued to fly, and it was a balloon package
t hat first spot ted t he cobalt-56 decay line from super-
nova 1987A.

The modern era began with the spring 1991 launch of
t he Com pton Ga m m a Ray Observa tory (C GRO ).  T he
source inventory now includes pulsars, X-ray binaries
and transients, supernova(e), the cen ters of many active
galaxies and of the Milky Way, the in terstellar mediu m
(both diffuse and patchy), a diffuse isotropic background
of somewhat u ncertain origin, and, of course, the sun.
All t he processes adver tised in t he early reviews have
been seen—n uclear decay lines (of  alu m i niu m-26 ,
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c obal t -56, cobalt-57, exci ted carbon and oxygen, bu t
not californium-254!), electron-proton annihilation, pion
decay, bremsstrahlung, inverse Compton scattering, and
probably synchrotron radiation, t hough t he experts are
still someti mes arguing about which process goes wit h
which source.

Most gam ma ray ast ronomy has been done at ener-
gies of 0.5–100 MeV. One C GR O i ns t r u m en t(EGRET )
records photons up to 30 GeV. T here is t hen a decade
or so nearly unprobed. By the ti me you reach TeV and
PeV energies, a single photon en tering t he ear t h’s a t-
mosphere will give you a shower of relativistic particles
sufficien t to m ake a Ceren kov ligh t flash or even an
extensive air shower (EAS), happily distinguishable from
t hat of a real cosmic ray.

Astronom y at  installat ions sensi t ive to these has a
checkered his tory. Repor ts of posi t ive TeV and PeV
detections (of t he Crab Nebula, Cygnus X-3, Hercules
X-l, and several others) surfaced in the early 1980s. Most
probably deserve the Scotch verdict of not proven. The
except ions are TeV fluxes fro m t he Crab N ebula
(u npu lsed) and the nearby, BL Lac t ype act ive galaxy
Markarian 421, both seen by the Cerenkov installation
at the Whipple Observatory. Limits in the range 40 TeV
to 1 PeV, even for t he Crab, have been t he m ain prod-
uct so far of the Cygnus EAS array near Los Alamos. The
next step in this direction will augment the Cygnus scin-
t illa t ion detectors wit h water Cerenkov detectors to
produce an EAS array reaching down to abou t 1 TeV and
to fluxes well below the current 10−11/cm2−sec limits.
Will Milagro expand the source inventory beyond two?
Will primordial black holes finally show up? Morrison’s
t heorem says yes.

And then there are the gam ma ray bursters. Two sorts
were predicted (shock break out in supernovae triggered
by the collapse of stellar cores to neu tron stars; evapo-
ration of mini black holes) and two sorts have been seen
(many of one type and three soft gam ma repeaters). But
t hey are not  t he sa me sorts. Supernovae are no longer
supposed to do this sort of thing, because the emerging
shock is less explosive and radiates mostly ultraviolet,

and the lim its on black hole gam m a rays are st ill not
very constraining.

T he bursters we have were acciden tal discoveries,
m ade in the data collected by the Am erican Vela satel-
lite series starting in 1969 and, at about the same time,
by  the Sovie t Cos m os sa telli t es, and an nou nced in
1973–74. What the satellit es were supposed to do was

The Compton Gamma Ray Observatory, launched in April
1991, carries four instruments. Each of them provides some
information about gamma ray arrival times, energies, and
directions of travel. But EGRET specializes in the highest
energies (to 30 GeV), while the others are most efficient
around an MeV, and COMPTEL concentrates on locations and
imaging, OSSE on spectral information, and BATSE on accurate
arrival times, especially for bursts and variable sources.

N
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look for gam ma rays from illegal at mospheric bomb tests
carried ou t by “ the other side.” Neit her series ever saw
any illegal tests,* but they did discover the bursters. This
is t he con text in which Morrison originally made the
re mark abou t t he difficulty of wasting 108 dollars. His
ot her exam ple was the seism ic array, aim ed at illegal

u nderground tes ts, w hose pri m ary discovery was the
tracing ou t of tectonic plate bou ndaries by microseisms.

T he first gam ma ray burst paper reported 16 even ts
over t hree years, each deposit ing something like 10−3

erg/cm 2 at t he top of t he at mosphere. Data from la ter
as t rono m ical sa telli tes, so m e wit h purposeful bu rs t
detectors, others with active anti-coincidence shielding,
increased the inven tory to a hundred or so, picked up
fluxes down to 10−5 erg/cm2, and revealed spectral fea-
t ures sugges t ive of  cyclotron resonances in m agnetic
fields of abou t 1012 gauss,  the sam e as ordinary pulsar
fields.

We spen t whole meetings assuring each ot her t hat
t his was all perfectly explicable in ter ms of hiccups in
nearby, old neu tron stars. The “nearby” part was needed
to accoun t for isotropy of t he even ts over t he sky and
t he rela t ionsh ip bet ween n u m bers an d fluxes t hat
implied homogeneous distribution in space.  All  partic-
ipan ts firmly expected that, with lower flux limits, we
would begin to see both the edges of the galactic plane
and t he concentration of bursts wit hin it.

N otoriously, t his is not what happened. CGRO has
increased the burst inven tory to well above 1000 (grow-
ing a t t he rat e of abo u t o ne per day) and lowered t he
detectable fluxes to about 10−7 erg/cm2. Sure enough,
we are now seeing t he edge of  t he distribu tion (in t he
for m of a rela t ive sparci ty of t he fain test detectable
even ts). Bu t  t he dis tribu tion on t he sky re m ains iso-
t ropic. Som ehow, we are in t he m iddle of the source
population, bu t we see the edge, and this has not been
a popular as t rono m ical posi t ion si nce t he t i m e of
Copernicus.

Although a tiny subset of three sources (soft gam ma
repeaters) now seem to belong to neutron stars in young
supernova rem nan ts,  t he theoret ical  si t uat ion is  ot h-
erwise A Mess. Poten t ial for sor ting it ou t wi t h addi-
tional statistics or more detailed gam ma ray spectra and
light curves seems li mited. What we need is optical or
radio counterparts that last more than a second or so,
w hich m ay well not exist at brigh t nesses we can see.
Mean w hile, a follow-on gam m a ray sa tell i te called

*A tes t  b y  a  cou ntry that has not signed the nuclear non-
proliferation treaty  cannot reasonably be called illegal!

One of the VELA satellite series, originally launched to look for
neutrons and gamma rays from terrestrial events (nuclear
bombs). They began seeing celestial events (gamma ray
bursters) in about 1969 and the data became generally
available a few years later. The author has never even had a
“company confidential” clearance and knows nothing
whatever more about the satellites.
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IN TEGRAL is rapidly pushing the 109 dollar barrier in its
estimates.

NEUTRIN O ASTRO NOMY

And the Lord spoke to Pauli and said, “Speak unto the
children of Rut herford and tell the m t hat, wherever a
proton is converted to a neutron or a neutron to a proton,
t here also shalt thou have a neutrino (or ant ineutrino)
to m ake the spins and energies com e ou t even.” This
illustrates that the Lord, who may indeed be an engineer,
a biologist, and a m at he matician, is prim arily a book-
keeper. As w it h any o t her sor t of par t icles, you can
also make them pairwise, neutrino plus an ti-neu trino,
under appropriate (hot, dense) conditions.

Suitable environments for neutrino production occur
in bombs, reactors, the early universe, and stars. For two
of the four, the products have not yet been seen. Fredrick
Reines and Clyde Cowan origi nally proposed t heir
experimen t as a way to “see the neu trinos coming out
of a bo m b,” bu t applied it to reactors (successfully, of
course). Detecting the cosmological sea of neutrinos that
ough t  t o correspond to t he 2.7K sea of  pho to ns (cos-
mic background radiation) remains the sor t of problem
t hat experi m en tal physicists drea m abou t solving on
t heir way to Stockholm.

This leaves us wit h stars. Neutrino radiat ion by the
sun and other  hydrogen fusers  is  i mplici t  in t he reac-
tions for t he proton-proton chain and C N cycle as writ-
ten dow n by Hans Bet he in 1938–39, t hough he hi m-
self did not actually show them in the reaction equations.
Coun ting this particular sort of bean obviously did not
seem so important in those days when the neu trino was
though t probably to be its own an tiparticle, the way the
photon is. Soon after, Gam ow and Schoenberg pointed
out  that  m uch more copious neutrino em ission m igh t
occur in evolved, denser stars, both from one-way con-
version of p + e to n + ν en route to neu tron-rich condi-
tions (“deleptonization” is the moder n word) and  from
cycling bet ween p’s  and n’s, wi t h energy loss at each
cycle (t he Urca process, named by them for the Rio de

Janiero casino where mon-
ey si m ilarly vanishes a t
every exchange).

C al c u la t io ns  of  t h e
various pair  product ion
processe s (bre m ss t r a h -
lung, synch ro t ron ,  plas-
mon, Compton, and an n i-
h i la t io n  n eu t r i nos) fol-
lo w ed  ha rd  u po n  t h e
descript ion by Feyn m an
a n d  G el l-M an n  of  t h e
universal Ferm i in teraction which revealed their pos-
sibility. T he recognition of neutral currents, permit ting
t he product ion of m u and tau neu trinos (pairwise) un-
der stellar conditions, triggered a third round of calcu-
lations in the 1970s. Round four, invoking rotations or
oscillations among t he neu trino types, is by no means
over, t he knock-ou t punch necessarily awai t ing fur-
t her experimental/observational results.*

T he first experi men ts were gedan ke n ones. Bru no
Pon t ecorvo a nd Luis Alvarez wondered in t he 1940s
what would happen if you exposed a sufficien tly large
quan ti ty of some substance wit h a large cross-section
*Bab y astrono m ers are taugh t to call the m selves observers; baby

ph ysicists experi m en ters. The dist inc tion blurs most thoroughly
in cases li k e ga m m a rays,  neu trinos, an d gravita tional radiation,
w here  you have  no idea whether your telescope/detector w ill see
an ything a t  all  un til  you have  built  and debugged it .  Galileo
never had this proble m .

AMANDA is the Antarctic
Muon and Neutrino Detector
Array. It makes use of the
extreme clarity of polar ice
(from which bubbles have
been squeezed by the
weight of ice above). Thus
flashes of Cerenkov light
from high-speed particles
passing hundreds of meters
away can be seen by the
widely-spaced phototube
detectors.
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for induced beta or inverse beta decay to the sun. Their
answer was “ not hing.” Solar neu trinos wo uld not be
energet ic enough. Rat her, t hey proposed chlorine-37
as a trapper of reactor (anti) neutrinos, still believing the
particle and an ti-particle to be the sam e.

It is against this historical background that Raymond
Davis, Jr. buried his first chlorine tank in the ground near
Brook haven in 1954, t hough he also took t he t rouble
to report a solar upper limit (about 104 times the current
best  value). Inciden tally, Ray assures us t hat he does
not have a m iddle ini t ial. The journal  habit  of  na m e
inversions (so that he appears in references lists as Davis,
R., Jr.) is responsible for t he ghost R.J. Davis. Si milar
pract ices have produced ghos t  papers by Ei ns te in &
Preuss, Einstein & Silbst, etc.

The solar experimen t came to see m possible in 1958,
with a large increase in the laboratory cross section for
He3 + He4 producing Be7, which would, in turn, capture
either a proton or an electron, with a beta-unstable prod-
uct above the energy t hreshhold for t ransfor mat ion of
Cl37 to A37. Davis began serious search for a mine deep
enough and large enough to con tain a 100,000 gallon
tank of C2Cl4 (perchloret hylene, or cleaning fluid) in

1963. Even as t heorists con tinued to throw scurrilous
SN Us (solar neutrino units) at each other, the tank was
built,  fi lled, and instrumen ted, and data collected.

Davis’s 1968 upper limit of about a third of the expect-
ed high-energy neu tr ino fl ux eve n t ually beca m e a
detection at abou t the same level, and t here t hings have
sat for 27 years. Kamiokande (a water Cerenkov device
t hat began life as the Kamioka N ucleon Decay Experi-
m en t and matured in to t he Kam ioka Neu trino Detec-
tion Experiment) has recorded the very highest energy
neutrinos at about half the expected rate and shown that
t hey indeed come from t he direction of t he sun. SAGE
and GALLEX (where galliu m transm uting to germaniu m
signals t he passage of even quite low energy neutrinos)
repor t  t hat  t he flu x of  neu tr inos from p + p m aking
deuteriu m + posit ron + neu trino (t he m ain solar reac-
tion) is about half of what standard m odels predict. And
we are not going to reconcile the various discrepancies
in this paragraph!

T he tale of Super nova 1987A is m ore coheren t,
according to most tale-tellers. On February 22/23, 1987,
t here were operating at least four detectors with possi-
ble sensitivity to supernova neutrinos above t hresholds
of 5–18 MeV. Two were large volumes of liquid scint il-
lator (in the Mt. Blanc tunnel and in the Soviet Baksan
N eu t r i no  Observa t ory) an d h ad bee n d el ibera t e ly
const ructed to look for explosive astronomical events.
The other two were large water Cerenkov coun ters (IMB
in the Morton salt  m ine and Ka miokande,  m en tioned
above) and had been cons t ruc ted—also,  of  course
deliberately, bu t to look for proton decay, as predicted
by some grand unified theories of par ticle physics.

T he Mt. Blanc group were m oni toring t heir data in
real time and quickly became aware of a cluster of five
above-threshold events within a t ime interval of a few
seconds, t he largest such grouping in 2.5 years of oper-
ation. They promptly issued an IAU telegram and circular,
reporting that a burst of neutrinos had arrived eight hours
before the first photons from the supernova. This report
sen t t he Ka mioka group root ling in t heir data to find,
even t ually, 12 above-t h reshold even ts wi t h in 12.4
seconds, but 4.7 hours later than the Mt. Blanc ones. The

The interior of the Kamiokande detector.
(Courtesy Yoji Totsuka, University of Tokyo).
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IMB group, who had previously supposed that their energy
threshold was too high for supernova neu trinos with k T
≈ 5 MeV to produce visible flashes, then exam ined their
data, finding 8 even ts above 19 MeV within a six-second
period, less than a minute or two from the Kamioka event
t ime. Finally, Baksan weighed in with five events also
within a few seconds, not more than a few minutes apart
in  ti me from the IMB and Kam ioka clusters. Only IMB
and Mt. Blanc were using accurate clocks, and none of
t he other groups has ever reported anything above their
t hresholds at the time of t he Mt. Blanc even t.

T h e  m ajori ty of reviewers have dealt wi t h t h is by
believing in t he IMB and Kam ioka neu trinos and t heir
si m ul tanei ty, disbelieving t he M t. Bla nc ones,  and
ignoring t he Baksan ones.  T hen t hey can say t hat  t he
flux, temperature, time scale, and so forth were just what
should have com e from a core-collapse (type II) super-
nova, and that there is no evidence for neutrinos having
unexpectedly large m ass, magnetic moment, coupling
constan ts, or any other anomalies.

The Baksan and Mt. Blanc experimen ters have, both
independen tly and in collaboration, found correlations
a mong t he “below threshold” data stream s of  all  four
detectors during a two hour period around the ti me of
t he Mt. Blanc burst. Signals recorded by the two gravi-
tat ional radia tion an tennas operat ing at t he tim e also
show s ta t is t ically sign ifican t correla t ions wit h each
other and wit h the neut rino detector data streams dur-
ing t his period. T he result s have been reported in sev-
eral journals and at least four conference proceedings,
but remain essentially unnoticed by t he com m unity.

Looking ahead, designs, proposals, and some prelim-
inary data exist for an assort ment of detectors and arrays
focused on higher energy neutrinos and lower flux events
from astrophysical sources. In addit ion to supernovae
and merging neutron-star pairs, plausible sources include
t he annihilation or decay of dark mat ter particles in the
galact ic halo and product ion in associat ion wit h very
high energy cosmic rays in active galaxies or elsewhere.
T he act ive su bstances to be used include water (e.g.,
Superkamiokande), deuterated water (Sudbury Neutrino
Det ector), and ice (Ant arc t ic  M uon And N eu tri no

Detector). All seem to be in t he 108 dollar class, and at
least the ones just men tioned are going forward more or
less as plan ned. Keep your window cleaner handy!

GRAVITATIO NAL RADIATIO N ASTRO N OMY

Gravitational radiation comes from wiggling massive
par t icles in m uch t he sam e way as elect ro m agnet ic
radiat ion comes from wiggling charged part icles. And
you can detect them because they, in turn, will wiggle
other part icles wit h mass or charge. Why then are the
production and detection of gravi tational radiation still
challenges when we have been radia ting infrared and
seeing opt ical photons since the time of the coelen ter-
ata or thereabouts? Mostly (as you k now perfectly well)
because gravitation is the weaker force. T hus, even for
en titities moving at (nearly) the speed of light, the ratio
of radiated powers is GM2/q2 ≈ 10−36, where G is G, M
is mass, and q is electric charge (in God’s units or cgs).

To make things worse, t he lowest non-zero order of
radiation is a dipole for t he electromagnetic case and a
quadrupole for the gravitational case. This happens be-
cause the former force is carried by a spin one part icle
(photon) and the lat ter by a spin two particle (graviton).*
It costs you two extra powers of (v/c) for systems in slow
motion. As a result, the earth in its orbit will lose more
energy in 31.7 nHz elect romagnetic radiat ion than in
63.7 nHz gravita tional radiat ion if t here is as m uch as
a tenth of a Coulomb of excess charge hanging around.
T he corresponding ra t io for orbit ing neu tron s tars or
black h oles wit h v ≈ c is one electron per Teragra m ,
and the radiated frequencies will be kilohertz (the range
in which most detectors are designed to operate). And,
ot her t hings being equal, whatever sort of detector you
m igh t t hink of cons tructing is correspondingly m ore
sensi t ive to electro m agne t ic t han to gravit a t ional
dist urbances, no t t o m en t ion acous t ic noise, m icro-
seisms, changes in local g,  and m assive visitors tilt ing
t he floor. T hat t he m oon overhead raises t ides ra t her

*T he connection  has  been explained to  m e on a  nu m ber of
occasions in ways that see m ed to m ak e perfect sense a t the ti m e.
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t ha n hair is only because i t (li ke m ost m acroscopic
objects) is so nearly electrically neu tral.

As if all this weren’t sufficien tly offpu t ting, for abou t
30 years (1925–55) m a ny general rela t ivis ts doub ted
whet her gravi tat ional radiation had any physical real-
ity at all. T heir doubts came from defective choices of
viewpoint and sign errors (in odd numbers of places) and
surely delayed serious considerat ion of t his window
on the universe.

Joe Weber, the one man who was apparently not dis-
couraged, combined a background in radio engineering
and electronic coun term easures wit h a knowledge of
general relativity gained in late night reading to design
(before 1960) and build (by 1965) a detector for gravita-
tional radiation. Initial calculations by Freeman Dyson
and Joh n A. W heeler of t he radia t ion expect ed from
binary neu tron stars and supernovae date from the same
period. Weber’s first antenna used multi-ton alu minu m
bars as t he energy collectors and piezoelectric crystals
glued at their centers to turn mechanical energy of the
oscillating bar in to varying electrical currents of the sort
radio a m ateurs had been a m plifying an d fil tering for
decades. At least one an tenna of this design has been
operating nearly continuously at the University of Mary-
land ever since. When super nova 1987A exploded, t he
on ly detec tors on line were t wo Maryland bars and a

si m ilar on e a t t he U niversi ty of Rom e. If supernova
1995N (or thereabou ts) goes off, similarly close to us, as
I write this, the same situation is quite likely to obtain.

N ot t hat  o t hers haven’t t r ied. T he five years aft er
t he 1969 publication of t he first positive resul ts from
Maryland saw abou t 10 room-temperature, single-mass
detectors buil t,  inst ru m ented, and operated (as a rule
only very briefly) by as many different groups. None was
a precise copy of t he Weber bars, and negative result s
ou tnumbered positive ones in the literature by so large
a factor that most people in the field remain unaware of
t he lat ter.

Recognizing that ordinary ther mal noise was a fun-
dam ental limitation, Weber’s group cooled one of their
bars to liquid heliu m temperatures in 1972. Others fol-
lowed gradually (in Rome, Stanford, Western Australia,
Louisiana State University, Japan and elsewhere). Efforts
in t his direction con tinue, using eit her alu m inu m or
niobium (because it is a superconductor) bars, with a goal
of operating or noise te m perat ures in t he m illikelvin
range. The installations, like the first one, are so com-
plicated that, so far, more has been learned from the m
about cryogenics t han about relativity.

Present high-profi le plans for t he detect ion of gravi-
tational radia tion, like LIG O (t he Laser Interferometer
Gravi ty Wave Observatory) and its  European counter-
par t  Virgo,  use a very differen t  design.  Two or m ore
m asses are suspended i n isola t ion far apar t and t he
distance between them monitored using laser light. The
first device of this type collected data briefly at Hughes
Research Laboratory in 1971. The builder was Robert L.
Forward, w ho had been Weber’s  graduate studen t  and
says t hat a t least t he ger m of t he idea ca m e fro m his
teacher. Forward provided a stable base for his m asses
by m ount ing t he m at t he ends of a large grani te slab.
Such slabs are more often used as raw materials for grave-
stones, which may be trying to tell us something.

T he cost of such an ins tallat ion wi t h a baseline of
3 k m, rat her t han 3 m, has predictably escalated from
1980s est i m ates of $60–$80 m illion to t hree or m ore
t imes as m uch.  Construction is  underway for  t he two
LIGO detectors, wi th initial operation expected in this

Joe Weber with
aluminum cylinder
gravitational
antenna. (Courtesy
Joe Weber)
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What else to read?
Gamma ray astronomy: The current situation is described in recent conference proceedings—The Second
Compton Symposium ed. C.E. Fichtel, N. Gehrels, and J.P. Norris, AIP Conf. Proc. 304, 1994 (which also

has  a bit more of the history), and the Third Compton Symposium, to appear in 1995 also in the AIP series.
Neutrino astronomy: The history and accomplishments up to 1988 are elegantly described by J.N. Bahcall in his

Neutrino Astrophysics, Cambridge Univ. Press, 1989. Additional 1987A results and future detector plans appear in
several volumes of proceedings of Texas Symposia on Relativistic Astrophysics (Annals of the NY Academy of
Sciences), especially the 14th, ed. E.J. Fenyves. And for the latest word on solar neutrinos, see John Bahcall’s fine
article in the Fall/Winter 1994 Beam Line, Vol. 24, No. 3.

Gravitational radiation detection: Not even a short history that would be regarded as correct by all participants has
yet been written, including this one.

decade and sensitivity to known sources to be reached
with an upgrade in the next.

Meanwhile, t he existence and properties of gravita-
t ional radiat ion are being explored in a very differen t
way, from its effects on the orbital evolu tion of known
pairs of neutron stars (binary pulsars). For a couple of the
pairs, the radiation is sufficient that the stars will merge
in less than 108 years. Such events, in distant galaxies,
are a leading candidate to produce gam m a ray bursts,
t hereby taking us back to t he first section.

So far, t here has never been a counterexample to the
cliches that  “ whenever you open a new window you
see a new scene,” and “ it’s hard to waste 108 dollars.”
Gam ma ray astronomy has already passed through this
s tage, and the discovery of supernova neu trinos wit h
t he t wo installa tions looking for proton decay proba-
bly also qualifies. The conservative bet is, I suppose, that
t he clichés will con tinue to be t rue for t he st ill more
expensive gam ma ray, neutrino, and gravitational radi-
at ion projects  now on t he drawi ng boards and in t he
tunnels. This may be the only context in which I am not
an unmitigated conservative!

An artist’s conception of one of the two LIGO sites. The two
perpindicular arms of the site extend four kilometers to end
buildings. LIGO will measure gravitational waves by sensing
very small motions (on the order of 10–18 meters) of
suspended mirrors at the ends of the two arms. Light from a
stable laser in the building at the vertex of the two arms is split
and sent down the two arms through vacuum pipes to the end
mirrors. The end mirrors reflect the light beams back to the
vertex where it is recombined and compared. (Courtesy of the
LIGO project, the California Institute of Technology and the
Massachusetts Institute of Technology.)

~For Further Reading~
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C O N TRIBU T O RS

PHILIP MORRISO N received his PhD
in t heoretical physics from the Uni-
versity of California, Berkeley, where
his t hesis supervisor was J. Rober t
Oppenheimer. He has served on the
faculties of San Francisco State Uni-
vers i t y, t h e Universi ty of Illinois,
Cornell University, and MIT, where
he is now Inst itute Professor (emer-
i t u s).  D uring WWII he  spen t  fou r
years wit h the Man hat tan Project ,
working first wi t h Enrico Fer m i  a t
Ch icago and t hen a t Los Ala m os
with O. R. Frisch. He has writ ten and
spoken widely ever since against nu-
clear war and i ts preparat ions (see
“Recollections of a N uclear War,”
Scien tific A m erican , August 1995,
p. 42). His curren t research in terests
are in active galaxies and cosmology.

Having published widely i n aid
of t he broad public u nders tanding
of science and science educat ion,
Morrison 's m os t recen t books are
Powers of Ten,  wri t ten in conjunc-
t ion wi t h Phyll is  Morrison,  an d
Nothing Is Too Wonderful to Be True.

ALEXI ASSM US is a lect u rer in t he
Depart ment of History at Princeton
University. She received her PhD in
the history of science from Harvard
U n ivers i t y  as  w el l  as  a  m as t er ’s
degree in physics. She was an NSF
postdoctoral fellow at the Universi-
ty of California at Berkeley, where
she taugh t t he his tory of 19t h and
20t h cent ury physics and its associ-
a ted tech nologies. She has  wri t ten
abou t U.S. physics bet ween the two
world wars. Her current work is on
physicists during the Cold War.
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ARTHUR BIENENSTOCK received his
BS an d MS fro m  t h e  Poly t ec h n ic
Inst i t u te  of Brooklyn an d h is  Ph D
from Harvard University. In 1963 he
joined the faculty of the Division of
Engineering and Applied Physics at
Harvard as an assistant professor. He
re m ained  a t Harvard u n t il 1967,
w hen he beca m e a m e m ber of  t he
faculty of Stanford University, where
he holds a join t  appoi n t m e n t  as
Professor in t he depart men ts of Ma-
terials Science and Applied Physics.
In 1978 he beca m e Direc tor of t he
St a nfo rd Sy nc hro t ro n  Radia t io n
Laboratory.

Bie nes tock is a m e m ber of t he
American Crystallographic Associa-
t ion and t he Ma terials Research
Society, as well as a Fellow of t he
American Physical Society and t he
A m er ica n  Assoc ia t io n  for  t h e
Advancem ent of Science.

OT HA W. LIN T O N is t he Associate
Executive Director of the American
College of Radiology and t he Exec-
u t ive Direc t or of Radiology Cen-
tennial, Inc. He holds a Bachelor of
Jour nalis m degree  fro m the  U ni-
versity of Missouri and a Master of
Science in Jou r nalis m  fro m  t h e
Universi ty of Wisconsin. His work
has been widely published, and he is
a regular con tribu tor to several jour-
nals, including The  A m erican Jour-
nal of Roentgenology, Radiology, and
t he Journal de Radiologie in Paris,
Fran ce.  He joi ned t he  A m er ica n
College of Radiology in 1961 and has
served a key role in its growth.

As Executive Director of Radiology
Cen ten n ial, Inc., a not-for-profi t
organ izat ion created by som e 54
national radiation science societies
an d 76 co m panies w hich supply
goods and services for radiology, he
has coordinated efforts to com mem-
orate t he 100t h an n iversary of  t he
discovery of t he X ray and to cele-
brate a cen t ury of ach ieve m en t in
radiation science.
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C O N TRIBU T O RS

Regular readers of Bea m Line need
no introduction toVIRGINIA TRIMBLE,
an d probably don’t  wan t  one. She
first met astrophysical neutrinos as
co-hostess of  t he firs t  conference
devo ted to t he solar neu trino prob-
lem at UC Irvine in January 1972 and
as junior editor (with Fred Reines) of
its proceedings. She met Joe Weber
the same month, and they have been
m arried for t he las t 23 years. T he
above picture was taken the year that
Kraushaar and Clark coun ted their
22 residual gam mas and Davis began
thinking about a site for a large solar
neutrino detector.

WALLACE H. TU CKER has been in-
volved in research in X-ray astrono-
my since 1965. His curren t research
is  concen trated on t he X-ray e m is-
sion from clusters of galaxies and the
nature  of  dark mat ter.  He is  the  co-
au t hor wi t h Riccardo Giacconi of
The X-ray U niverse (Harvard Uni-
versity Press),  and he and his  wife,
Karen Tucker, have writ ten two pop-
ular  books on m odern as trono m y:
The Cos m ic Inquirers (Harvard Uni-
versity Press) and The Dark Matter
(Willia m Morrow).  He d ivides  h is
t i m e  b e t w e e n  t h e  H a r va r d-
S m i t h s o n ia n  C e n t e r  fo r  As t ro-
physics and t he University of Cal-
ifor nia, San Diego.

A nat ive  of  t he San Francisco Bay
Area, ART HUR ROBINSO N st udied
m aterials science a t Stanford U ni-
versity as both an undergraduate and
graduate s t uden t from 1959–1968.
Following a tou r wit h t he U .S. Air
Force at Wright-Pat terson Air Force
Base in Dayton, Ohio, he m oved to
Washington, DC in 1973 to become
a repor t er for Science m agazine,
w here he covered developm en ts in
physical scie nce and tec hnology,
including the rapidly expanding field
of synchrotron radiation. Since 1987,
Robinson has been a staff scien t ist
wit h Lawrence Berkeley Laborato-
ry 's Advanced Ligh t Source,  where
he has been able to continue a career
combining writing and science.
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D ATES T O REMEMBER

Oct 3–7 7th International  Conference on the Structure of Baryons, Santa Fe, N M (Leonora
Alsbrook, Baryons ’95 Conference Coordinator, LANL, Protocol Office, MS P366, Los
Alamos, N M 87545 or BARYO NS@LAMPF.LA NL.G OV).

Oct 11 Tech niques in Macromolecular Crystallography: Cryocooling and Data
Reduction/Analysis, Stanford, CA (Katherine Cantwell, SSRL, MS 69, Box 4349, Stanford,
CA 94309-0210 or K@SLAC .STANFORD .EDU).

Oct 12–13 SSRL 22nd Annual Users Meeting (Kat herine Cant well, SSRL, MS 69, Box 4349, Stanford,
CA 94309-0210 or K@SLAC .STANFORD .EDU).

Oct 15–20 Workshop on Beam Dynamics and Technology Issue for µ+ µ– Colliders (MUMU ’95),
Montauk, NY (TUO HY@BNLCL1.BNL.GOV).

Oct 15–21 In ternational Workshop on Single Particle Effects in Large Hadron Colliders, Montreaux,
Switzerland (LHC95@CERNVM .CERN .CH).

Oct 16–20 National Synchrotron Radiation Instru mentation Meeting (SRI ’95) (to be followed by t he
7t h Annual Users’ Meeting for the Advanced Photon Source, 18–20 Oct., 1995), Argonne,
IL (Linda Carlson, Advanced Photon Source, Argonne Nat ional Laboratory, Bldg. 431E,
9700 Sout h Cass Ave.,  Argonne, IL 60439-4815).

Oct 17–20 7th Workshop on RF Superconductivity, Gif-sur-Yvet te, France (B. Bonin, Centre d’etudes
de Saclay, DAPNIA /SEA, BP 701, f-91 191 Gif-sur-Yvet te Cedex, France or
SRF@HEP.SACLAY.CEA.FR).

Oct 21–28 Nuclear Science Symposium (NSS) and Medical Imaging Conference (MIC), San Francisco,
CA (Lynet te Willard, Symposiu m Coordinator, PO Box 808, MS L-469, Liver more, CA
94550 or WILLARD2@LLNL.GOV).

Oct 23–26 Conference on Fundamental In teractions of Elemen tary Particles, Moscow, Russia
(Organizing Com mit tee, B. Cherem ushkinskaya ul 25, ITEP, RU-117259, Moscow, Russia
or AKSEN OVA@VXITEP.ITEP.RU).

Oct 23–27 Institu te for Theoretical Physics Conference on Unification: From the Weak Scale to the
Planck Scale, Santa Barbara, CA (Prof. James S. Langer, Directory, Instit ute for Theoretical
Physics, University of California, Santa Barbara, CA 93106-4030).

Oct  25–27 4th International  Conference on Synchrotron Radiation Sources and 2nd Asian Foru m on
Synchrotron Radiation, Kyongju, Korea (Dr.  Chinwha  Chung, Secretary/Organizing
Com mit tee, PAL/POSTECH, Pohang, Korea 790-784 or
CWCHU N G@VISIO N .POSTECH .AC .KR).
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D ATES T O REMEMBER

Oct 30–Nov 11 In ternational Conference on Accelerator and Large Experimen tal Physics Con trol Systems
(ICALEPCS ’95), Chicago, IL (Peter Lucas, Chairman, ICALEPCS ’95 Conference, Fer milab,
MS 307, PO Box 500, Batavia, IL 60510 or LUCAS@ALMO N D.FN AL.G OV).

Oct 30–Dec 1 ICTP School on Synchrotron Radiation in Science and Technology, Trieste, Italy (L. Fonda,
ICTP School on Synchrotron..., PO Box 586, I-34100, Trieste, Italy or
SMR877@ICTP.TRIESTE.IT).

Nov 6–9 40th Conference on Magnetism and Magnetic Materials (IN TERMAG 40), Philadelphia, PA
(Courtesy Associates, 655 15th Street NW, Suite 300, Washington, DC 20005).

Dec 3–8 Supercomputing ’95 (SC ’95), San Diego, CA (Supercomputing ’95, San Diego
Supercomputer Cen ter, 10100 Hopkins Drive, La Jolla, CA 92093-0505 or
SC95@SDSC.ED U).

Dec 13–16 3rd In ternational Conference on Physics Potent ial and Develop ment of µ+µ– Colliders,
San Francisco, CA (Melinda Laraneta, UCLA, Physics Depart m en t, 405 Hilgard Avenue,
Los Angeles, CA 90024 or LAREN TA@PHYSIC .UCLA.EDU).

Jan 15–26 US Particle Accelerator School, San Diego, CA (US Particle Accelerator School,
c/o Fermilab, MS 125, PO Box 500, Batavia, IL 60510 or USPAS@FNALV.FNAL.GOV).

IN WATER OR ICE? HIGH-ENERGY NEU TRIN O ASTRO N OMY
John Learned and Michael Riordan

THE DISCOVERY OF THE TOP QUARK
Paul Grannis and Bill Carithers

SUPERCO N D UCTORS AN D SUPERCOLLIDERS
Lance Dixon

LASER ELECTRO N IN TERACTIO NS
A drian Melissinos

SPIN PHYSICS
Em lyn Hughes

RARE K DECAYS
Jack Ritchie

Watch for these Articles in Future Issues of Beam Line


