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Splitting the atom - Manchester 4
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“it has long been my ambition to
have available for study a copious
supply of atoms and electrons which
have an individual energy far
transcending that of the alpha- and
beta-particles from radioactive
bodies”
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A little history...

Very quickly after Roentgen’s discovery of
X-rays and Marie Curie’s discovery of
radioactivity, they were both being used to
treat disease, including cancer
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Rutherford and Chadwick’s Apparatus
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William Crookes
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Walton, Rutherford, Cockcroft

| = |[n 1928, George Gamow proposed that alpha
articles could tunnel through the nuclear energy
arrier. John Cockcroft saw Gamow give a
lecture in January 1929 at the Cavendish
laboratory (Cambridge), and realised that
voltages of only a few hundred keV could deliver
nuclear transmutations, rather than the many

MeV they previously thought was needed.

» Rutherford agreed with Cockcroft’s calculations,
and convinced Walton to abandon his linear
accelerator idea. Usm? a £1000 unlver3|t¥|grant
they bought a 300 kV transformer which they
then rectified to DC. A small beam of Iow-ener%\tg
Erotons was then accelerated downwards to 2

eV and into some light targets (Li and Be).
However, this didn’t work.

= Cockcroft invented a voltage multiplier to obtain
up to 700 keV, which was enough. The atom was

/ split, making alpha particles that Walton observed
while sitting in the lower observation cabin.
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Walton and the machine used
to "split the atom"



DC Acceleration

Cockcroft-Walton
Li+ p —» He + He

Robert Van de Graaff’'s Patent
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Daresbury VdG
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Lorentz Force — the fundamental equation for accelerators

F=¢eE +ev xB
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Chadwick apparatus — discovery of the neutron

Chadwick and Cockcroft,
At Daresbury 20t Oct 1966
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James Chadwick and Leslie Groves
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Rolf Wideroe’s Linac

Replica of original linac, at National Physical Laboratory

Science and
Technology
Facilities Council

Daresbury Laboratory



Louis Alvarez .
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e Bunch Cloud

Alvarez structure
(with drift tubes)

1/20,000,000,000 second later
(notice how far the bunches have moved)
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Radiance from Halcyon

4 RADIANCE
FROM
HALCYON
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Round and round we go... Cyclotrons (protons
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Ernest O. Lawrence,
Milton Livingston
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‘Lawrence got his Nobel Prize. I just got a PhD.’
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Emilio Segre and the 37-inch cyclotron deflector foil

‘In February 1937 | received a letter from Lawrence
containing more radioactive stuff. In particular, it
contained a molybdenum foil that had been part of the
cyclotron's deflector. | suspected at once that it might
contain element 43. The simple reason was that
deuteron bombardment of molybdenum should give
iIsotopes of element 43 through well-established nuclear
reactions. My sample, the molybdenum deflector lip,
had certainly been intensely bombarded with
deuterons, and | noted that one of its faces was much
more radioactive than the other. | then dissolved only
the material of the active face, in this way achieving a
first important concentration of the activity.

Science and
Technology
Facilities Council

Daresbury Laboratory [




Science and
Technology
Facilities Council

Daresbury Laboratory



ST 1o /r¥

Taé/é I

B Sarce. Heed of
52 frer 0412’7‘:/ o Mmbhatlaw Dsterct
(#s of efoge o/ Gusincss, (7 Lecembev /99‘5)} 3 A

- freosrar I Aeosgam 7L
T Avorrdupars feunds and Gunces Arorvdupers foonds and Oances
Siver Geid.. Silrer Shpd, Agparen” Sitver Bec'd Sifver SKpt.  Apporent
or w_stock _ Diff=Gon (6) or m Sthek  Diffe-Gorm ()
Lo33 (4) Aos3(2)

/. US KL L., Carterel Mo

@) From desf M), ond a} Yronsfeyfoom Treas. | i

Depts fo Honh. D57 o/ G R. Co., Cortevef, H.d, 125738320 ()(3) 7253/27-0 1) (2)

4-/ fe/wwe//'ér ”mrb;'f/nm RLL. /220783-0 O) /94727 -0 (2)

0-2 Billets hipred 7o 0. (o, Baymay, N/ /3598455 -0 (7) 2873235-0 (]

6-2 Sutver s sock 266235-0 () 8551019 -0 (I(3)

7 /3814615-0 J32/ 4854 ¢ (8) 19-0 947250 944725¢ -0 000 -0

z. 22 Co, A

4t Bitlets teceawedfoom USRLo- /3548455-0(1) 2893235°0 (IY)

42 Silver i Tk 000-0 () /53589314 (¢)/

B2 Haf srtber anre coils, :///ﬂe/,éd.c. lo- /i Mo, .. R/ 8250614 (1) /1725353 (%)

CZ fLusber Hhipped /o CEN, 0ok Rdpe, Tonn.. 145989~1 (7) 000 -0

G2 Leturned to US.I9RCo. for receorking . 122073307 (194/27-0 ()(¥)

7 /13898755 -0 /358177845 (§) 3323-/5 2773235-0 28929191  (R)3/5-5(5)

3 4.0 Co., Mlivaukee, s, :

9-1 ot Sitver wive cails reed foom PG a,../,w 2/82566-7% (7) 171259813 (¢)

b2/ /o reactors redyrned from CEW. 000-0 39370-3 (4

-2 /o reactors shpped Fo CEW. : U 7%3313 -1/ G)(1) 000- 0

b2 Sifvevin 3/ock, f.5. wire coils 4205/8 -3 () /1/28¢/ -6

CZ Si/ver in steck, crap and 2ust 113924% (7] | /8-4514)

RN X bt denl) Sttt

%z Silver in stock, In reacthrs rz/://mm CEW. 000-0 O =T S TR T 39870-3 (¢)

T 121525067/ J21 7522410 (k) 7282-4 | ) 152769-0 )152750-8 () /8-

v % fnzlg- cev &orks, M{//g TZens.
@-1 /o reactors recerved from A.C. ﬂ.w.,x,/nyaz/g v 4203543 =8
DA L Ak /195 ¥8Y -4 -0 000 -0
b1 Buzbar recerved from £D.Co. W A - 209-0 009 -0

e
Q-3 /nYeachrs refovned lGAL. Co —o = /182180212 [/ 89)802~/2 000-0 odo -0 000 -0 200+ 0
e

= Apparent teiph?! Afference., Frogram Z emd ZZ- “)3877-5 () 3333

o0
cS

0-0 a00-0
o

= Totel Apparen? Hepht D,yference, h,}anfw,e,,n.m_z" ; @ yz13-2

/7 chouide) b< remtembered 17 revrecing e above thbuateton; (7) /’;’./ﬂ,.ﬁmﬁajé.w.zc ace/ shhete
Science and /fes3E3 Ffrom Pﬂ/vkw.z Lo wot agpear raspuch as »h< 27C. n/don"«/& refirned, wr G/l form, ol ar/ver
Technolo recewed from Hhe Mombartom Barrc? for rreffony Suposes, ckhen 37ock andfppnace fosses are defermined #he
gY \ . G S
Facilities Council | Hom ha sy Datirc? wil! de anclr oé//b//&” A smoke good 75 proportionafe share of thens. (2) That forapic
\ charge /f /’ra/romI Oncfaded s U.s.HE. Lo Lfers -2 for Fropram I, ) 13 estimured anty and covld ne? be b=
Daresbury Laborator Feromned <xkaclly wirhoct chiutirrg down Gud dismanliing Ihe farnoce, crishizg and essayriny e fuvnace
Srrebrick _aond 4 Lents. .ol 1% ,Z / 4 A
1rebrrck _oncd condents. o e farnace., !



s
MAKE CEW @
COUNT

"
L |

e

Science and
Technology
Facilities Council

Daresbury Laboratory



Glow from the 11-inch cyclotron
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Arthur Dooley: ‘Splitting the Atom’ (1974)
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60-inch cyclotron

20 MeV, 1939
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By 1948 they were already getting quite large...
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'‘Big Science’ and Ernest Lawrence

| " LANL
B - LLNL
| = | BNL
= Oak Ridge (calutron)
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Henry Blosser — Superconducting Cyclotrons
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The Betatron (electrons) |

Oct. 11,1927, 1,645,304
J. SLEPIAN
X-RAY TUBE
Filed April 1, 1922 2 Sheets-Sheet 2
Fip 4

Slepian, 1922
Wideroe, 1928
Kerst, 1940

Fic. 14 Diagram of betatron magnet pole tips and vacuum chamber, showing orbit lo-

cation and the central core supplying flux linkage for acceleration. (From M. S. Livingston

and J. P. Blewett, ‘‘Particle Accelerators,” 1962. Reprinted by permission of McGraw-Hill
Book Company.)

Meanwhile, Kerst returned to the University of Illinois to build first an
80-MeV ‘‘model’’ (61) and ultimately a 300-MeV betatron (62) which was
the largest and probably the last of this line.

It seems clear that the complete stability theory of Kerst and Serber
and the careful and thorough magnet design calculations of Kerst were the
reason for Kerst’s success in the rapid development of the betatron. Or-

Science bital stability requires spatial focusing for particles which deviate in direc-

tion from the equilibrium orbit. Such stability will occur in a radially de-
Technol¢

Facilities Coaﬁ‘l‘:’if:"" mnanatin Aald cunh o wianld ka amanifiad ke o rodinl vasiotian. 22 Mev betatron
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Electron Betatrons
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Electron FFAG, with Chandrasekhar and Bohr

Kerst proposed in 1956 to have colliding beams
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The earliest synchrotrons

Goward & Barnes’s original e- synchrotron
(converted from betatron)
Woolwich Arsenal, London, 1946
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Bill Hansen and the 1 MeV Linac, 1947 (6 MeV)
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Proposed the cavity resonator
for acceleration
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Harry Kaplan Gordon Isaacs, 1957
Radiotherapy pioneer The first external-beam radiotherapy patient
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Phase stabilit ™
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Synchrophasotron, Dubna, 1957

Fig. 12. Birmingham synch ith i
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Glasgow 350 MeV e- Synchrotron — 1stin Europe (1954)
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Synchrophasotron control room, Dubna
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The Bevatron (6 GeV): a Large Weak-Focusing Synchrotron (1954)
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Discovered the antiproton (Chamberlain, 1955)
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NIMROD (RAL, UK): p+, 7 GeV, 1960
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Before Daresbury, 1964
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NINA at Daresbury Laboratory e-, 5 GeV 1966
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The founding of Daresbury ‘WORLD-BEATER’
Startling—but safe

DARESBURY may soon become a famous centre for atomic.
research. The £3,500,000 nuclear physics laboratory to be
built there—if planning permission is granted—will keep Britain
]in the forefront of world developments,
Director of the project, Profes-
sor A. W. Merrison, of Liverpool | the fundamenta] structure of matter
University, said this week that | on a millionth of the atomic scale.”
the Russians, America and West The scientists will be able to
Germany had similar projects. |examine the twenty millionth mil-
The laboratory will be a Mecca | /9774 part of an inch, ?
for research physicists from many The accelerator will probe the
British _universities, although Liver- | behaviour of the tiniest particles
pool, Manchester ang Glasgow are | known to science by speeding up the

the chief sponsors. same kind of electron beam which
After investigation of severa] sites, | throws the picture on a TV set.
Professor  Merrison has already Although this is a research pro-

applied for planning permission, and | - ject. the possible findings could
he will give details to representatives be the basis for great future
of the County Planning Department, developments—in space travel, for |
and Ruqcogn Rural Council (Dares-~ example,
%xlry 13 n its area), at a meeting on The project was authorised by the
ursday. Mini 4 . -
The sandstone at Daresbury was ni;:lspt?m%fss?:;mize glfagtl:g ¢ lifﬁfd;h:g
found suitable by boring as a steady Will start next spring, and comple-
gfsc"lf%r"the delicate instruments of tion is envisaged .after five years,
e “lab”,
Vil‘l‘agers' fears t,l’wt a danger- iz,’,]tgggf::,-o;h‘;;ef&?ﬁ?y woouy e
gg?lt, a;‘;’: gf:;tu‘:l’g]esswals, rot?essg: here would eventually be a staff
B s
Thm_ison evealids : gfoicsdo, local people would be emf
The 4,000 electron-volt synchro- . : = 354 5
ton, enclosed in a 200 feet diameter doﬁgfﬁsgrhxe;gngt %v;f.p:o}‘%g,

concrete shell, which will be the : A
) s some years. Earlier he studied in
_heart of the 1 ory, will be ha D b o 25
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Strong Focusing

Feb. 28, 1956 2,736,799
NICHOLAS CHRISTOFILOS (OR PHILOS)

FQCUSSING SYSTEM FOR IONS AND ELECTRONS
Filed March 10, 1950 4 Sheets—Sheet 1

2

Ernest Courant, Milton Livingston,
Hartland Snyder, John Blewett
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Nick Christofilos, and Particles in Space

..turning the Earth into a giant
particle accelerator, to knock
out incoming nuclear weapons

TRIUMPH IN SPACE FOR A ‘CRAZY GREEK'

Science and Theory of Boston-bern maverick scientist led to sensational Project Argus
Tecl:l._nplogy .
Facilities Council Artificial ‘Beta injection’ into inner radiation belt; particles

Daresbury Laboratory remained trapped for 5 years!

Starfish Prime (1.4 MT) a.k.a. the
‘Rainbow Bomb’
- knocked out Ariel 1, the first
British satellite, and Telstar 1, the
first TV satellite

SPIRALING BETA PARTICLES
MIRROR POINTS

Y
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Digging the first foundations for CERN, May 1954
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MAUNETIC PIScussion
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Fig. 2. Left: AdA installed in Salle 500 MeV, Laboratoire de I'Accélérateur Linéaire,
Orsav. France. 1963. Riaht: a drawina bv Bruno Touschek reflectina freauent
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Storage Ring Colliders (1963}

Cornerstone of Accelerator Is Laid

| METER

PULSED
INFLECTOR

PULSED
INFLECTOR

@ VIEW PORT BEAM SCRAPER (FLAG)
(© ENTRANCE FLANGE (©® PICK-UP ELECTRODE

FORRESTAL: Milton G. White, director of the Princeton-Penn ac-
celerator, lays cornerstone. Also (L to r.), designers Gerald K. O’Neil
and Frank G. Shoemaker, AEC’s Enzi DeRenzis, Alan G, Shenstone ’14.

Gerard O’Neill
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Gersh Budker

#] Invented electron cooling
Bl Founded INP Novosibirsk
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Stochastic Cooling; Simon van der Meer (1970s)
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The General Electric Synchrotron

if the accelerator tube of the 100-MeV betatron at Schenectady had
not been opaque, the visual observation would probably have been
made three years earlier by Westendorp or Blewett soon after the
publication of your letter to the Physical Review (Phys. Rev. 65:343,
1944). Unfortunately they were not able to see through the silvered wall
of the betatron donut.’



Goward’s original synchrotron
(converted from betatron)
Woolwich Arsenal, London
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Science and The DIAMOND synchrotron: 561.6m, 3 GeV electrons
Facilities Council (RAL, Oxfordshire)

Daresbury Laboratory Designed here at Daresbury!



Julian Schwinger and Matthew Sands
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Daresbury Laboratory SRS, Daresbury (1980-2008); world’s 1st X-ray facility



Achromats

Daresbury Labore{tory

1. Introduction

The most important factor for synchrotron radiation
users is the brilliance which is mainly determined by
the cross section of the beam and given by the square
root of the emittance multiplied with the betatron
function.

The emittance ¢ of a beam in a storage ring is
determined by the balance of two competing processes:
the quantum excitation by the emission of synchrotron
radiation and the acceleration of the particles within
the rf cavities. The formulae for calculating the emit-
tance of a storage ring and other related parameters
are summarized in table 1.

The emittance scales in general with the square of
the energy and the third power of the bending magnet’s
deflection angle. The optics influences the emittance

Renate Chasman
Phys. Perspect. 10 (2008) 438

For the case in fig. 1b a minimum of B8 and 7 in the
centre of the magnet is required with 8., =L /(V15)
and 7, = L?/(24p):

C 2 1 3 1 2
TR TV R @

¢ if the bending angle of the dipole, the other symbols
are explained in table 1 [3-5].

The second expression is smaller than the first one
by a factor of three. Hence to reach the lowest emit-
tance, a storage ring should have a lattice which pro-
vides a shape of the horizontal betatron and dispersion
functions as represented in fig. 1b in all dipole mag-
nets. However, other design considerations forbid this.
A light source includes undulators and wigglers and at
the position of these insertion devices, in the long
straight sections. the dispersion has to be zero. This



