Discovery and applications of isotopes
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Quick review

SoEBETBHL

» An atom consists of electrons
surrounding a core of protons and

s oot neutrons
O BFEBFEFREFALEIZBLU
TNz EYFELEFMIORYILT
LS,
» The core is called the nucleus
@ electron ZORD I EEFEFHERSR,
@ proton » The number of protons determines the
element
Q neutror BFOUATEERES TS,

Carbon atom

» For example carbon has 6 protons
BZIERRT 6 BEDOEZFMLHIELSN
TWh%,
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Periodic table of the elements
TR DERFE
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The heaviest element has 118 protons and was discovered in 2006.
RLELVLWRRE 11 8EDEBFMALHIELNTINT, 2006 FICHRRE ST,
The most recent discovery was element 117 in 2010.
RAETIE 11 7FBEHOXTERN 201 0FICRR S,
» Elements 113,115, 117 and 118 have not been named yet.

113, 115, 11 78LU118FBDRRICIEFFLBFAMF TN TR,
» 1In 2012, elements 114 and 116 were named Flerovium and Livermorium
2012%F, 1148&UV116BEBORFRNTILVAEVLELVYNEY ILE
Zftiront-,
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Element 113
11 3FBTH Sl

S

RPN search for element 113
m%%#E%EPﬁTE?,PmWiW“
i amRc’ pARO AP mnes Te L K concluded at last
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=@

k‘ A pu ib n m B N . .
L L e painstaking work Japanese

i by »v_m, ICALLDE 'vpuzot. 15 DIENG L 1T 118

ol ULRRTR T researchers prove third

TY WE @6 W

TR M X Periodic Table of Elements (Reparted) ti me,s a Charm
Nolsl2Islalslel v el ez e]s]]ar]s
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First element discovered in Asia
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Neutrons

thit 7

» Adding one proton changes the element.
¥z 1 2MASETENED D,

» What about adding neutrons?
TIEPEFZEMZLE?

6 protons
+ 6 neutrons

@ electron
@ praton
O neutron
» Add two neutrons to carbon. Carbon atom

ﬁ RERIZ2 DHBFEME B (2C),

14C > The element stays the same, but it gets
1(23(3 6 heavier.
| | TREFCEEEN, B 155,

#E,Of Elrotons: atolrznlc number » Chemistry does not change, but physical

fmfil: RF&ES properties change.

ILERREEITZDEFIC,
MEBRZEEZITHAEILET S,

# of protons and neutrons: mass number
BFEEUPRHEFH: EEHK

K

N
NSCL

National Science Foundation
Michigan State University



Isotopes

RIS {&

» Nuclei with the same number of protons but different numbers of neutrons are

called isotopes.

BWIRIHDOEFEZHFONELG B0 FZH DR FRZ RGLA &S,
> For example beryllium — fFlZ (EX1) 1) 5 L

One box in the periodic table:
FERDEND 1 DDRY I R :

# of neutrons:

hiEFY . o O
mass number: 7
ggf: —— ©B°

Atomic number - 4

R¥E=S -4

4 5 (6 7 8 9 10

9BeloBe 11Be 1ZBe 14Be

Beryllium has one row in the “Chart of isotopes.”
AN LRGERIE HEER OF TRICHEVERT,
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Chart of the isotopes

ZER

120 _ How many protons can a nucleus hold?, -
Hl stable isotopes BEFHE(ZLN DD F;UHQS
R E R BFEAETEHL -
100 unstable isotopes MTELHDM? s 2
R E B i R

80

b5+ %

Isotope
‘o sotop

Proton Number &Z‘?&
|

Proton numbe

Predicted limits of stability
FREINDILZEEDRRA

i

Neutron number
How fﬁfi’? pegons can a nucleus hold?
= :Jé\

[ F+#% DOHRMFERET S
_EMTELHOMN?
60 80 100 120 140 160 180

Neutron Number i+
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Magic numbers

Proton num:ber
&%

@

N
NSCL

Not all iIsotopes are equal
TORMENFELINE LD DIFTIEEL

known

BRI

unknown

BRR

R \\ Z= 82--}---- 4 "

N50

__________

________

Neutron number

hisF o

k;\\Soft Hard
B S ALY N=W=%%E
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Discover unknown lands

MREDHER

120

100
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Proton number

a0t
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) ] 1 ]

I

The nuclear landscape is largely unexplored; the limit
of existence is unknown for most nuclei.

BE% O KE S OB LR :

BET, £<OKITDNT  -ceen-- : -
ZOBRERRTER ‘ poL 7
K15 TUVELY,

-

1> About 260 isotopes
are found in nature
#92 6 O EDERIA
MRARIZHFE

1

1> So far ~3000

1

iIsotopes have been
identified
INFETER=NT:
ERoAZNOE (S
3000f1&E,

» Over 4000 isotopes
have never been
observed
4000@ELLED

|

1

s
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Researchers are explorers of the unknown

TEITERMDERDEE

» Similar to the exploration of space, discovering
new isotopes is exploring the nuclear universe.

FHZEERITHODERL K DI,
HLOWEEZR N
CEEIBDFEHERBRT
HEIFTHLDTY,

2R Chiaki Mukai _
JOURNEY TO THE EDGE OF SPACE [ H Tl Naoko Yamazaki

LIS E F

» The quest for the unknown is a driving
force for discovery.

RIDLDZEELRDD Z &N
ERDI=HDEWNRERENDEGTY FT,

» Go where no one has gone before. E |
#ECNETIELEZED o

L .,f P
TEUWNZATA, > Search for the edge of the nuclear universe.
ZOFEHORRTZEZRD T,
@ National Science Foundation
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Who “discovered” isotopes?

MO E SR L1z 7

#1a| University | The
of Glasgow | Hunterian

Enter your keywords here -

Frederick Soddy
(ZLTUYD -JT4)
in 1913

Home  The Hunterian > Visit - Evenis

The Hunterian

About Us
Isotope Day - 4 December 2013
Learning
Collections Isotopes were introduced to the world in a letter to the journal Mature', published on 4 December 1913 by
i 1) 141 (s
DECEMBER 4, 1913 ] NATURE 399  inent could occur as atoms
ifferent nuclear properties,
LETTERS TO THE EDITOR. growing ova by nurse cells, the latter being phago-

cytes which capture other cells and stuff them into the monﬂlédthfa ijdmable,
ova. 1 have also a number of stages of spermato- 12ofradioactivity, and atomic
genesis. The sponge (G. compressa) is hermaphrodite,  Nobel Prize in Chemistry for
1 1 L 1 d il A .
nclosed
cells in

...what | call “isotopes” or “isotopic elements”, e d

tuation Zgested to him by Margaret

because they occupy the same place in the optod, s niveriy Gerdens

Orton University of Glasgow.

periodic table. o S

SN B EFAAVRIGLAR S L IR R RTTR [ —
ERSDLTHD., BERLENLIEFHRD Greek — 1) & 35 :
R CIHATISME L TW A BT, . |1S0S =icog =ML

= P 4
only showed that the products of fermentation arrested | its atomic weight, as concluded by A. van der Broek tO pOS TOTrOg

the action of the enzyme which caused it, but also | (Nature, November 27, p. 372), is strongly supported
that if these products reached a certain concentration, by the recent generalisation as to the radio-elements

the enzyme instead of producing further hydrolysis | and the periodic law. The successive expulsion of one
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Plague memorizing the event

191 3FEZDRTHEESINT=T4FT—/\—T 14 —IZEL\T.
JLTUYT T4 BEAD S ZHELT-,
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Discovery of radioactivity

EREDFE R
PHYSIQUE., — Sur les radiations émises par phosphorescence. COB{PTES RENDUS |

Note de M. Hexnt BECQUEREL. DES SEANCES

DE L’ACADEMIE DES SCIENCES.
February 24, 1896

SEANCE DU LUNDI 24 FEVRIER 1896,

From these experiments we must therefore conclude that
the phosphorescent substance in question emits radiation
which passes through the paper.

INODERICEDC L, BEDY VAEEHRLTLSID
MEE. MZBEBT IMIHBRZREL TS EHBERDITAET
NIXE 573N,

@ National Science Foundation Henri Becquerel, Nobel prize in Physics 1903
ng Michigan State University 7)'} . &7 l/)[/, 1 9 O 335/_/{)1/4:%}2?%



Radioactive substances

B EME

Feb. 24, 1896 oY H. Becquerel 238

March 24, 1898 1)L G.C.Schmidt 232Th
July 18, 1898 AAA=ry Ly P. Curie and M. Curie 212pg
Dec. 26, 1898 5 < L. P.Curie, M. Curie and G. Bemont 226Ra
Nov. 6, 1899 S kY P. Curie and M. Curie 222Rn

...the induced radioactivity is decreasing, first very rapidly, then slower and

tends to disappear asymptocially.

BT SNSRI REBIZSHAD LT, RAIEBHIZ. FAEA
o< Y&, ELTRERICHFRRITERLTLEIDTH S,

PHYSIQUE. — Sur la radioactivité provoquée par les rayons de Becquerel ().
Note de M. P. Corie et de M™ M.-P. Curig, présenlée par M. Bec-
querel.

Compt. Rend. Acad. Sci. 129 (1899) 714

@ naional scence Founceion—— VI@rE€ and Pierre Curie, Nobel Prize in Physics 1903
Michigan State University 7 U—s to:l:_}b § #:L U—1 1 9 O 3E/_&)L¢%IE$#§
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Discovery of two neon isotopes

2 DODARFT URNAEDFER

Neon is not a simple gas but a mixture of two gases, one of which was
an atomic weight about 20 and the other about 22.

A VIFEFEHLGIATIEGL., 220KED. VEDEFIRFEE
BEZE20DFLTELVEDEBEE22%H -, EEWEDTT

J.J. Thomson, Proc. Roy. Soc. 89 (1913) 1
@ National Science Foundtion Joseph John Thomson, Nobel prize in Physics 1906
Michigan State University ~

NSCL oatIr-Yarv: LAY, 19065F/ —N)LYEFE



1932: Discovery of the neutron

1932 FEFORERR

The difficulties disappear, however, if it be assumed | J. Chadwick,

that the radiation consist of particles of mass 1 and | Nature 129 (1932) 312

charge 0, or neutrons.

LALLM ZDOMSEENEER1. EFOMNDL

AT, £IETHEFEFEEINLSIEDN ST
WAHERET DE. MRBIIAERTEDTH S,

n_eutamni

H Neutrons FUCILE

e
1=
1K ——
/ \ \ lonization -

. Chamber
Polonium

(. source)

Beryllium
Paraffin

@ National Science Foundation James Chadwick, Nobel prize in Physics 1935

Michigan State University ~
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Discovery of fission
BARDODER

Nachweis der Entstehung aktiver Bariumisotope aus Uran und Thorium durch

Neutronenbestrahlung; Nachweis weiterer aktiver Bruchstiicke bei der Uranspaltung?.
Yon Orro Hamy und Fritz Strassmany, Berlin-Dahlem.

angegeben, dall die bel
mittels Neutronen ent-
inmisotope gehaltenen

Conclusive proof for the production of barium from uranium.
DI )LD Y LAERIZD L\'CO)J&EE’J&.:HL

T ANS ten meAarser wwnnenm- Lw—lﬂuﬂ-ﬁmll : nn, Naturwiss, 27, 11
Berlin-Dahl Ei 3.
erlin-Dablem. ingegangon anj 28 Januar 1939 (1939) | Meltner and Frisch were the first to
FEB. 11, 1939 NATUR E\ explain fission
% L\ 3 w
Disintegration of Uranium by Neutrons: a New BARIEIA bF—&T7) v a
Type of Nuclear Reaction [Z J: S>Tw&AIZiRBAES N T-=,

On the basis, however, of present ideas about t

smaller drops.
T D& S Al

Lise Mem~er. LIS€ Meither Otto Hahn
O.R. Friscu. |)J—+t - T4 bF— Fy k— - Nn—>
National Science Foundation NObel pI’IZE |n ChemIStI’y 1944

Michigan State University 1 9 4 4 fﬁ/ _&)b1t$§



First iIsotope discovery in Japan

BERICETHIELHTOR

Preliminary Report on the Radioactivity Produced in

Y, Zr, and Mo

A study of the radioactivity produced in Y, Zr, Cb and

b, 1 T

T T *

‘ﬂk?ﬁ%ﬁ@ﬂ47nhn>t$cf \

elements from the cyclotron in the Institute of Physical

and Chemical Research, Tokyo.

R. Sagane, S. Kojima, G. Miyamoto,
and M. Ikawa
Phys. Rev. 54 (1938) 542

Discovery of 89Zr, 9n

897r. Mo, B &

' National Science Foundation

Y ‘ Michigan State University
NSCL

Ryokichi Sagane
IE IR E S

BOMBARDMENTS

OBSERVED PERIODS .

Slow neutrons
Fast neutrons

— 24 min.Y 64 hr)
17 min.| — 64 hr

Sign

Chemical test

Asgignment. -

Upper limit derived from K-U
plot




Although the chemistry of all isotopes for a given element is the same, the

Importance of Mo

“MoDEE%

Isotopes have different physical properties, for examples, masses, half-
lives, and decay properties

R EHNE L THNIL, RLEKETTRTE CIEFHMEE 2RI A,
BE. Fon. EKRA LV -YEMNMEEREL D,

For example molybdenum - ') 757 > Dl
7 AN R FERLLIA

7 stable isotopes -
10 positron emitters -
I 18 electron emitters -

1 O EDRGLIRILFE
1 8 ADBEMIAITEFZME L THIE (B)

BEFZ M L THRE (B

89|V|O QOMO 91 Mo 92!\/10 93|V|O 94|V|0 95|V|O 96IVI0 97IVI0 98 QQMO OMO‘IO‘IMO‘IO2MO103MO
2m 6h 15m | 15% |4000y] 9% | 16% | 17% | 10% | 24 66h 0% 14m 11m 68s
4
. AN
Half-lives - Fap Abundances - IFfE b \ Half I|ves Fn

6

N
NSCL
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Medical imaging

= AE#

99

Mo -, . - -
The y—ray transition in ¥Tc is
3 decay used as a tracer in medical
m1/2=66h 99m-- imaging.

% 7 transition, 7y, = 6.01 h
Tc

< PTecDHH I RERIL. EFEH
(3 decay, 99 A4 H _9970) fL—H—¢&
=210y R | TR SN D,

Positron emission tomography - [&%E F i 5T i B x5 i%:

3D images by detecting y-ray pairs
from the decay of positrons emitted y-ray
from 18F, "\, positron

BENS R SN DEEFHERIET DFE  glectron
[CELDHUTHRATRET S & y-ray
T. SRTEZGEMNELOND
Eo
9

N
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Example of internal radiation therapy
NER LS R Ia AR D

Alpha-immunotherapy - 7 )L 7 7 R & &%

An a—emitter (?13Bi or 22°Ac) couples to a tumor selective
molecule.

TILD 7REMET SRIGA (213Bit025Ac) ZIEEZERMEMN
BLAFICEY CEE, BEEANICLNS

Alpha-particles have high energies but short range, so the
damage is limited to the tumor.

LI 7HRESVIRILF—Z2FHEON, BLERZETLEES
DT, WERICKEDEFBIEFICRESND

i : L ee—— W e

N—F\RERET B °OY

a-emitter 213Bj

TILI 7iREBRET S 2B
- National Science Foundation tu mor h € alty tl Ssue
@é Michigan State University HE 9;;: 1@ % 7:‘; %H %ﬁ




Need for different isotopes
RRGERMAEDOVEMY

Production Cheap: cyclotrons, reactors
HRGE & HA44o0OraOY, RFIF
Half-life Not too short: deliver to hospital
3 2R N e R A A 1SN L TBES
Not too long: minimize exposure to patient
Wmim (& < 7ELY BEANDBRBZZ/NR
Decay energy Not too small: no effect, not transparent
FRIEETIRILF— WBiglZ/INE LG . HEIBREOHEINIBE
Not too large: damage to healthy tissue
BRI KELCGEL . BEREGEBOBGEZE#TS
Decay type a-emitter: localized damage to tumors
ARIRFRR TILT 7R BEZERICEEL
Y,B*-emitter: imaging
AR, BEFHREEEE : BEREREZICFIA
Chemistry Concentrate in tissue, bone, etc,..
LFrEE EECEFISERMICEF

@’ National Science Foundation

N Michigan State University
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: bacteria
sy dying

Other applications

T Db fits A

Application Isotope Decay type HaIf life | Decay energy
it Fi el {3 ¢4 AR iR FRC $EH | HEIRILY—

Smoke detectors — (&1 &4 241 Am 432y 5500keV
Biological tracer — 32p B 14d 1700keV
EMFERH ~L—Y—
Archeological dating — 14C B 5730y 156keV
EEFERMOFKBIE
Thickness control — [Z 85Ky B 10y 687keV
Food irradiation — B qh &5 60Co Y 5.3y 1200keV
Industrial gamma radiography — 192r Y 74d 380keV
TIERAUIRIERSE
E!oevgrri?;lurc o +J_Positive electrode
Nege%t?ve fon _*l l[r/éclﬁge
—’T‘ Alpha particles
-TNegative electrode

Current
detector

National Science Foundation
Michigan State University
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120

100

40

|Isotopes Discovered

20

Current status and future possibilities

:E’Ik&4 ¥

Projectile _—

80 +

60 +

T Radioactivity

First accelerators
#HTDOHNESS

[RFIP
N \ |

React Fusion evaporation fragmentation
COCONS _ RBARGARY  ASREBBEBRG |

Mass spectroscopy

e Y \

5T HE

—
—
—

3

F414r1

!

' National Science Foundation

Y ‘ Michigan State University

NSCL
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1940 1960 1980 2000

Year

M. Thoennessen and B.M. Sherrill, Nature 473 (2011) 25



Discovery timeline of the isotopes

FAJC—TREDEA LAY

Video can be found at:
http://www.nscl.msu.edu/~thoennes/isotopes

St BRIE R 5]
m B0
BX R F

%5 2

" ZRAMARBIT
LRI
B A SRR B R G

M. Thoennessen & @
MSU/NSCL - 2013 NoCL .




Role of women In the discovery of isotopes

In the last 25 years at least 20% B. Karlik,

of all isotopes discovered have
been published in papers with a

woman as a first author.

BE2 5ETHRREINT-
RILAD S B, Vi &
H2 0%kt

DHRENE—
=85 & LTMX ol

HER

EO

N
NS

CL

A. Lepine-Szily,
GANIL 2002

National Science Foundation

n Michigan State University

MSU 1992

M. Curie, [

Paris 1898

S. Yennello,

A. Spyrou, MSU 2010

Vienna 1943 i

M.].G. Borge,
CERN 1986

W M. Bernas, ——
GSI 1994,1997

D. Guillemaud-Mueller,

GANIL 1989 \

APAEFRICE T HXIEDFEE

L. Meitner,
Berlin 1938

D.C. Hoffman,
% Los Alamos
) 1964,1980

Number of isotopes

discovered as first author

1|F. W. Aston 207
2|M. Bernas 110
3|J. Kurcewicz 60
4|Yu. Ts. Oganessian 50
5|T. Ohnishi 49
6|H. Alvarez-Pol 39
7|K.S. Toth 37
8|S. Hofmann 36
A.J. Dempster 36
10|D. Guillemaud-Mueller 35




145 isotopes have been discovered in Japan
14 5@DRMANBEATRR! ! !

fit

RAAR 9
4%
75
A
7%
e
8%
B stable
known

B discovered in Japan

n n

n

| |

n n
rrrIJ -t M. Thoennessen ﬁ

__-'II: ! MSU/NSCL - 2014 el

|

]
©®

National Science Foundation
Michigan State University
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How many more nuclides are there?

W DDRFENFEET 5D ?

100F

N 80f —

@ =

'E N=258

2 60

c

o 7-50 B stable isotopes

O - . . . .

& " B radioactive decay chain
40F B light particles

B fusion/transfer

]
o

Most of them neutron-rich!

20 80| FTRIGLIADIFE A EIX, PHEFEE ! |o 280
Neutron number N

About 3000 isotopes are known and at least half of the ~4000 unknown

iIsotopes should be able to be discovered in the future.

93 0 O OEDRELIKRIZYT TICHEEMNFM LN, 4 00 OBEDORERDRELLIAD

b, TG ELEDHFDIIFFEERT 5 EDARE,

l National Science Foundation

Y ‘ Michigan State University
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How do we make these neutron-rich isotopes?

EDELSITHEFAZSVRMETERT HDMN?

Answer: Projectile fragmentation or projectile fission
EZ . ASBEEERRENDRRIG

For example, stable lithium consists of “Li
with 3 protons and 4 neutrons:

B BREG) FOLTREGMAKIE. 320
GFEADDREFNLESD,

Suppose we want to study Li

which has 3 protons, 8 neutrons:

£t L. 3DDBEFELE8DO2DHREFMLL
5VFIOL1T1ZERLEENWEEIE

’ National Science Foundation

N n Michigan State University
NSCL



Projectile fragmentation

AStE— L OB RIE

180 &2
2 Y \
& &

A 180 nucleus is accelerated to a velocity of about 170,000 km/s
R 1 SEMAEN, B 1 7 KkmDREIETINEIND,

llLi

@ National Science Foundation

N Michigan State University
NSCL



New fragmentation facilities

M I it 22 R 9~ 2 % L LVINE 3R e 8%

AN RIKEN Nishina Center
E R for Accelerator-Based Science

Germany - K4
U -S PNN -
FAIR

FAI R Facility for Antiproton and lon Research

USA - *%(E

¥ FACILITY FOR
£%/ RARE ISOTOPE BEAMS

' National Science Foundation

‘ Michigan State University
SCL
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New isotopes at RIKEN p
BEFIZH T 58 L LBEIRLE ®

RIK=N
Nuclear Instruments and Methods in Physics Research B 317 (2013) 756-768
F; _________________
Contents lists available at ScienceDirect ' BEAM
j| WITH
:IMATERIALS

Nuclear Instruments and Methods in Physics Research B ii"m“nnm

. - - ]
journal homepage: www.elsevier.com/locate/nimb |

B

46

BHRIE—LZ7 7% b1)—®BIigRIPSIZE 1T 5 #
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H. Suzuki®*, T. Kubo?, N. Fukuda?®, N. Inabe? D. Kameda? H. Taked * \_/
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Rare Isotope Rap
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FACILITY FOR

¥) RARE ISOTOPE BEAMS

» Similar to the RI-beam factory
at RIKEN, the Facility for Rare
|Isotope Beams is being built at
Michigan State University

HMORIE—LTI 7O M) —LRk. 220

NI KFETIE, RIE-LT 72T 14— (FRIB)
MR,

» The following video explains the science and
application of rare isotopes.
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Summary

E~&&>

» The search for new isotopes is an exciting subfield of nuclear physics
# L LV RGADIEE X E TR ES O MIE 5 B ENT— <,

» Properties of new isotopes are critical for the understanding of the
origin of the elements

FLOREMAEDHEEZMD Z L, TROBRZHESDICHAIR,

» New isotopes potentially have important practical applications
#1 L VLERARIZE D KIS, EREDRTREM,
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http://www.youtube.com/watch?v=677ZmPEFIXE

