


,A metrologia minden tudomany szulbanyja”

* Mértékegysegek
o definidlasa
o realizaldsa

* Korabban: etalonok (definicié = realizacio)

* Ma: természeti allandok rogzitett értéke

0 ¢, h, Ave

* A masodperc a legpontosabban realizalt egység

(John Hall 2005-6s
Nobel-el6addsa)
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A foldrajzi hosszusag problemaja

(transzoceani hajozasoknal)
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o technoldgiai kihivas: stabilitas tengeri kortilmények kozott

pl. Harrison H-4 draja (1761): 0.2 s/nap (=2.5x10° stabilitas)
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[domeérési standardok (NIST)

* Ingadra
o Shortt-éra: =107 stabilitas

o probléma: csatolds az inga és az draszerkezet kdzott

e Kvarc

o 4db 100kHz-es oszcilldtor: =10-° stabilitas

o probléma: kristdly megmunkaldasdanak pontatlansdga + 6regedés

National Institute of
Standards and Technology
U.S. Department of Commerce




Atomi oszcillatorok

“The recent discoveries due to the kinetic theory of gases and to spectrum
analysis (especially when it is applied to the light of the heavenly bodies)
indicate to us natural standard pieces of matter such as atoms of
hydrogen or sodium, ready made in infinite numbers, all absolutely alike
in every physical property. The time of vibration of a sodium particle
corresponding to any one of its modes of vibration is known to be
absolutely independent of its position in the Universe, and it will probably

remain the same so long as the particle itself exists.” (Lord Kelvin, 1879)

e végtelen szamu, abszolut egyforma,
oregedésmentes oszcillator

I”

* valami oszcillal” az atomokban -

mi az?

Keétallapotu kvantumrendszer + sugarzasi ter

= 3-féle kdlcsOnhatas

spontan
emi

abszorpcid

stimulalt

emisszio |1 ) .

Folyamatosfotonaram
= oszcillacio



MICROWAVE
CAVITY

A mezer

STORAGE
BULB

mikrohullamu elektronika kifejl6dése a radar kapcsan (2. vh.)

1948: ammonium-mézer (23.8 GHz inverzids atmenet)

hidrogén-mézer: 21 cm H-vonal (=1.42 GHz)

o rovidtavu stabilitas =10-(12-13) ™
. ! ENTRANCE
! APERTURE

1964-es Nobel-dij: Basov, Prokhorov, Townes '
aktiv frekvenciareferencia X

U
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H-mézer a Galileo-
mUholdak fedélzetén




Hiperfinom szerkezet es a cézium

g =2/5 F=5
(0.56 MHz/G)
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(0.00 MHz/G)
16) MHz

kdlcsdnhatasa i

gr==2/3 F=2
(—0.93 MHz/G)

* hiperfinom alapallapotok kozott

852.347 275 82(27) nm
351.725 718 50(11) THz
11 732,307 104 9(37) cm™"
1.454 620 691 85(45) eV

nagyon kicsi spontan legerjeszt6dés

lathato fény
A

= jO draallapotok

e cézium el6nyei: nagy géznyomas,
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Hiperfinom szerkezet es a cézium

* magspin és elektronspin

kdlcsdnhatasa
* hiperfinom alapallapotok kozott
nagyon kicsi spontan legerjeszt6dés
= jO draallapotok
e cézium el6nyei: nagy géznyomas,
nagy magspin (1=7/2), izotop-

tisztasag, nehéz atomok

1) ——



A cézium-nyalab ora

Vacuum Cavity

State Selection Magnets State Detection Magnets

homoaeneous mainetic field . .

Getter
Frequency Quartz Servo

. Microwave
Synthesizer Oscillator ~ Feedback Y

=101 stabilitas

Getter

Cesium

Interrogation
Oven

Cavity

Detector

-

9192 631 770 Hz

5 MHz < | LE—’”DDS




’ - 7 e A Hold mozgasahoz mint
I\/l a SO d p e rC‘d efl n | C | O k mésodlagosgrealizéciéhoz

valod kalibralas 1955-1958

e Csillagaszati
o torténetileg: egy szolarisnap 1/86400-ad része — nagy évszakos ingadozas
o MKS (Sl el6dje): atlagos szolarisnap
o 1956: efemeris masodperc—az 1900-as tropikus év 1/31556 925.974 7-ed része — kevéssé
praktikus
* Atomi

o 1967: atomi masodperc

“0z alapdllapotu 33Cs atom két hiperfinom energiaszintje kéz6tti adtmenetnek megfelelé
sugarzds 9192 631 770 periodusdanak idétartama”

o 1997-as kiegészités:

“.. nyugalomban, 0K termodinamikai h6mérsékleten lévé133Cs atom ...”




FREQUENCY OF CESIUM IN TERMS
OF EPHEMERIS TIME

W. Markowitz and R. Glenn Hall,
United States Naval Observatory, Washington, D. C.

and
L. Essen and J.V. L. Parry,

National Physical Laboratory, Teddington, England
(Received July 7, 1958)

The Natlonal Physical Laboratory, Teddington,
and the U. 8. Naval Observatory, Washington,
have been cooperating in a joint program since
June 1955 to determine vy, the frequency of
cesium in terms of the second of Ephemeris
Time.' In 1955 the International Astronomical
Union recommended that the second of Ephemer-
is Time be adopted as the fundamental unit of
time, and in 1956 the International Committee
of Weights and Measures redefined the second
s0 as to make it identical with the second of
Ephemeris Time (E.T.), which is considered to
be a constant unit of time. The second of Univer-
sal Time is thus no longer the fundamental unit
of time.

Ephemeris Time is defined by the orbital mo-
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comparison between the cesium beam at Tedding-
ton and the moon camera at Washington. From an
analysis of the various factors involved we have
adopted a probable error of +20 cps.

We find, thus, the transition frequency of ces—
ium (4,0) —(3,0) at zero magnetic field is

Ve =0192 631770 + 20 cycles
per second (of E.T.) at 1857.0.

‘The mean epoch is specified because there is
a possibility that the gravitational and atomic
time scales may not be the same, and may change
secularly. Future determinations of vg will de -
cide this question.

1Essen, Parry, Markowitz, and R. G. Hall, Nature
181, 1054 (1958).
? Wm. Markowitz, Astron. J. 59, 69 (1954).

Masodperc-definiciok

VoLume 1, NUMBER 3 PHYSICAL REVIEW LETTERS Avcust 1, 1958

Table 1. Results for vy obtained from four different sets of data.

Means AH VE-V Ve N
(sec) (sec/yr?)

1. AT,, 1954.25-1958.25 +1.146 -121 9192631761 + 0.17
2. AT, 1955.25-1958.25 1.085 -115 787 + 0.10
3. aT,, 1954.25-1958.25 1.035 -110 772 + 0.12
4. aT,, 1955.25-1958.25 0.966 -102 780 + 0.17

tion of the earth about the sun, but is obtained

in practice from the orbital motion of the moon
about the earth. The dual-rate moon position
camera has been used at the U.S. Naval Obser-
vatory since June, 1952, to determine Ephemer-
is Time.? Photographs of the moon and surround-
ing stars are taken to determine the position of
the moon at a known Universal Time. The Im-
proved Lunar Ephemeris 1952-1959 tabulates
the position of the moon as a function of E. T.
The Lunar Ephemeris Is entered with the ob-
served position of the moon and E. T. is taken
out. There is thus obtained the quantity AT
=E,T.-U.T.

Semiannual means have been determined for
the epochs 1952.75 to 1958.25, in two forms,

AT, is the mean obtained initially and AT is
the mean obtained by correcting for terms which
depend upon the mean anomaly of the moon.

In a previous note' we have described an inter-
mediate step, namely, the determination of vy;,
the frequency of cesium in terms of the second of
UT2. In this note we describe how the observa-
tions of the moon are used to convert from vy
to vg .

It may be shown that

vp =iy - v (AR/H),
where vy; is the mean value of v in an interval
of time ¥, and AH is the total change in AT dur-
ing the interval.

The interval of comparison used is 1855.50 to
1958.25. For this interval H =8.68 x 107 sec,
and Vy; = 9192631 822 cps of UT2. AH was ob-
tained by passing a parabola through the means,
by least squares, and evaluating AT for the ends
of the interval. Four solutions were made in
order to determine the effect of using different
data. The results are shown in Table I.

The last column gives the deceleration in the
rotation of the earth as determined with the
moon camera, The deceleration previously de -
termined with the cesium standard was 50 parts

106

in 10 per year, which is equivalent to 0.16 sec/
yr?, The agreement between the moon camera
and cesium is satisfactory.

The value of vy adopted is the mean of the
four solutions, that ls, 9192631770 cps.

With this value of vg we may obtain AAd = A.T.
=U.T., where A.T. denotes atomic time, by in -
tegrating the values of vf; previously obtained
and by assigning an initial value of AA. The
value adopted is A4=30.580 sec at 1957.0. Fig -
ure 1 shows A4, AT, AT, and A T, 3,the para-
bola obtained from solution No. 3, Its equation is

ATCS=[SD.853 -0.469 (¢-1950.0)
+0.0615 (#-1950.0 )*] sec.

It is believed that the dispersion in the values
of AT will be reduced by the application, in the
future, of corrections for the figure of the moon
which are now being completed by Dr. C. B, Watts
of the Naval Observatory.

The probable error of vy 1s estimated to be
+10 cps {from internal considerations. The re-
sult, however, may be affected by possible sys-
tematic errors, especially in the determination
of AH. There is also the possibility that a sys-
tematic error may be present in the chain of

B840 550 560 570 580 530

FIG. 1. Comparisons of Ephemeris Time and
Atomic Time with Universal Time.

A Hold mozgdasahoz mint
masodlagos realizacidhoz
valo kalibralas 1955-1958




Hibajel — Rabi-oszcillacio A w
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1.0

Isidor Isaac Rabi
Nobel-dij 1944
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Hibajel — Rabi-oszcil

1.0+

|1) allapot valészintisége

A gerjesztésiampitudora és a
sebességeloszlasravald érzékenység
egymas ellen dolgozik =

Nincs értelme novelni a
kdlcsonhatasizéna hosszat!
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Hibajel — Ramsey fejlesztése

ﬂ ﬂ Norman F. Ramsey
| Nobel-dij 1989

|1) allapot valészintisége
o

A kolcsonhatasi zona hosszanak A T

.e Vé 7 Vé ’ /a K 1-[ d - 1-[
novelésével élesebbé valik a o < > >
rezonancia! |




A cézium-nyalab ora

Vacuum Cavity

State Selection Magnets State Detection Magnets

homoaeneous mainetic field . .

Getter
Frequency Quartz Servo

. Microwave
Synthesizer Oscillator ~ Feedback Y

NIST-7:1988-1998

Getter

Cesium

Interrogation
Oven

Cavity

Detector

-

9192 631 770 Hz

5 MHz =« I

|ézeres allapotpreparalas és -detektalas
— tobb atom, er8sebb jel
= pontossag 5x101°




Lézeres allapotpreparalas és -detektalas

Optikai pumpalas Fluoreszcens kiolvasas

. |aux) ——

: Jaux) ——

gerjesztés csak az |1)
allapotbal

SR Kijové foton
bomlas , kivalasztasi , i
szabalyoknak” detektalhato
megfelel6en
1 - S



A cézium-szokokut ora

* nyalab-dizajnt limitalja a nagy atomi

sebesség
e szokokut-otlet az 1950-es évekbdl

* |ézeres hiités kulcsfontossagu (Steven
Chu, Nobel-dij 1997)

e szekvencidlis midkodés = Dick-effektus

o nagyon jo oszcillatorra van sziikség, ami

lendkerékként muikodik két mintazas kozott

NIST-F3

T

I ¥




Hitelesseg vs. stabilitas
az Allan-variancia

Stabilitas fligg a megfigyelés id6skalajatol = Allan-variancia

o, (7) = Q(MI— 1) Z_; ()i = ()]

referencia (pontosabb
vizsgalt 6ra 6ra, vagy ora-csoport)

fc _ fs

y= """

névleges alapfrekvencia

Amit szeretnénk:
ay(1) =0 T — 00

Pl. szokokut-szerl kisérletben idealisan:
1 e N-—atomszam

oy(T) =
Y 27 fo VNT,, T * T.—Ramsey-idé

(allapotdetektdlas binomialis folyamat)

Accuracy >

Accurate, but not precise Precise and accurate

T

e/

Not accurate and not precise Precise, but not accurate

Precision

* acéziuminherensen hiteles,

és semmi sem lehet nala

hitelesebb

* jelenlegaz optikaiatomorak

mar nagysagrendekkel

stabilabbak a céziumnal



A 1016 tartomanyban megjelené tényez6k:

Frekvencia-standardok hitelességenek fe;

feketetest-sugarzas

— kriogenikus kornyezet
sdrlség-eltolddas

= t6bbszoros feldobas-séma
gravitacidosvoroseltolddas

= Ur-ora

z[m]

¢4-1SIN

Fractional Frequency Uncertainty

Odése

1E-9

1E-10

1E-11 4—

1E-12

1E-13

1E-14 4—

1E-15 4—

1E-16 |

NBS-1

NBS-2

NBS-3 NBS-4

NBS-5
NBS-6

NIST-7

NIST-F2

NIST-F1

1E-17
1940

1950 1960 1970

1980

Year

1990

2000

2010

2020



—— PSR 1937+21 -=0=--G117-B15A --i+== Al-Hg clocks
-=O== PSR J1909-3744 =—O—— Kvarz MASER ---#--- FO2-FOM clocks

AS Zt rOfI Z I ka I --®--PSR J0437-4715 =—¥=— Cs 4065C --4=-= FO2-F1 clocks

-— PSR J1713+0747 --i&— Cs 5071A —— TAI-AT1

L LN
~orak

7 S White dwarf
10 | .. e awa
=0
— \r.‘|
Reviews of Modern Physics 83:1 (2011) o
o 107 o
neutroncsillagok ,,periddusdriftje” © ) e "Elo_
linearis rendig eltavolitva ~ . Commercial thermal a :2.;). -
idedlis xt! viselkedés S 10 ___beam Cs clocks .:Q:p- I\Pfllllllsecond
- , . = F— Q uisars
— fazis-fehérzaj < -
5 ~~

atomarak o
10> viselkedés §
— frekvencia-fehérzaj o i

et : , )
+ hosszutavu driftek miatt ellaposodas .

= -‘ ---- . . ) ~
atomorak 6sszességében stabilabbak Optical clocks ~ ™"==., # Microwave clocks "4
(azdta még inkadbb) 1077 e )|
10° 102 10°* 10° A4 Mo

Integration time [s] 1yr 10yrs 100 yrs



A cézium-ora alkalmazasai

* Mdholdas navigacids rendszerek

o GPS

= 1983 6ta érhetb el a nagykdzonség szamara—szamos hierarchikus hozzaférési csatorna

28 mihold (min. 24 sziikséges a globalis lefedettséghez)

fedélzeti Rb/Cs érak + H-mézer —foldi kontroll-allomas (USNO) vezérli

4 szlikséges a helymeghatdrozashoz, 99%-os valdszinliséggel legalabb 5 latszik

Bizonytalansag féként az ionoszféran vald athaladasbdl— korrekcio titkositott csatornakon

o Galileo (EU), Glonass (orosz), BeiDou (kinai)
* “Okos” villamosenergia-haldzatok

* Tavkozlés (szinkron haldzatok)
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Szinkronizacio, disszeminacio, idoska

e Kétiranyu mdholdas transzfer
o id6késleltetések eliminalhatok

o Sagnac-effektus lényeges!

e Optikai tartomanyban optikai szalak hasznalhatok!

o Teljesen optikai atvitel sziikséges

 Nemzetkozi Atomi Id6 (TAI)

o BIPMhozzalétre 400 6ra csoportjabdl sulyozott atlagolassal

o stabilitds hénapos idGskalan: =4x10-16

ak

Clock A Clock B
!

Time Interval Time Interval
Counter Counter
Difference
R(A)=A-B+dgy R(B)=B-A+dpg
RA)-RB) _(a.p)_ %8 %8
2 2

N . , o R(A)-R(B)
if Paths Reciprocal i.e. dgg = dga Then Clock Ditference A- B = 5

O5am

Antenna

Usa Diplexer and
Filters
dp, drg "
\—{ Transmitter }-_I:‘ Clack A ‘ |Clbck B }:|__| Transmitter }—"
‘ Receiver }—-‘ TIC ‘ | TIC |-—| Receiver
Hra g
Earth Station Earth Station

A B



Szinkronizacio, disszeminac

Right now, the official U.S. time is:

23:59:60

Saturday, December 31, 2016
Click arrows 2 ’
| uTC \ D

Egyezményes Koordinalt Vilagido (UTC)

* BIPM hozza létre és disszeminadlja

* TAl kezd6pont: 1958.01.01. 00:00:00 UT

e UTC kezd6pont: 1972.01.01. 00:00:00 UT (00:00:10 TAI)
Akkor: UTC-TAI=-10s. Ma: UTC-TAI=-37s

* Szokémasodpercekkel igazitjdk az UT1-hez = UTC

(International Earth Rotation & Reference Systems Service
hatarozza meg 6 hénappal el6re)

/

V4 °

10, IdOska

1980 |
1981
1982
1983
1984

1986

o o ol o oo o O

0

Year Jun 30 | Dec 31

0
0
0
0
0
0
0

ak

1987
1988
1989
1990

1996
1997
1998
1999
2000
2001

2002 |

1991 |

0
0
0
0
0

0
0
0
0
0

ol o o o

1

oo o o

2003 0 0
2004 0 0
2005 0 -
2006 0 0
2007 0 0
2008 0 -
2009 0 0
2010 0 0
2011 0 0
2012 - 0
2013 0 0
2014 0 0
2015 q 0
2016 0
2017 0 0
2018 0 0
Year Jun 30 Dec31
11 16
Total

27




A kvantum 2.0
szinre lép

1023 db atom

A rezonancia
erds dolog!
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Erdemes névelni
az alapfrekvenciat!

Optikai atomorak o, (T)

* loncsapda
o El6ny: hosszu csapdazasi id6 = T, nagy lehet; ismételhet6 detektalas
o Hatrany: N=1 (vagy kevés)

o Orahoz és qubithez ugyanazok a miveletek kellenek, csak masra kell optimalizalni
* Optikai-racs (sokasag)

o El6ny: sok atom = erdsebb jel

o Hatrany: az atomok kolcsénhatasa ill. maga a csapdalézer frekvenciaeltolddast okoz; destruktiv

detektalas

* Probléma: hogyan mérjiink frekvenciat az optikai tartomanyban?

o Cs frekvencidja 4.5 nagysagrenddel alacsonyabb



Optikai frekvenciak merése

’ 1015
1014

1013

12
Log 10

Frequency

(Hz) 10!

1010

107

Molecular

| overtones

H, Hg*
Ca I,
B RDb, Cs

Crystal oscillator

1
I Ca Frequency Standard
ML f ® W{_ﬁ?&ﬂﬁﬂe i

| Diode Laser ]
l 227993.090247 GHz
PLL @ 100 MHz
| R 2x
[ Color Center Laser
113996.495123 GHz

o 2x 12008
— < C""0, Laser P *(20)
TCoumer B = 28534.284 GHz

CO,-Laser P(14) DRO l
28464.684 GHz 23.171 GHz
“PLL @ 10 MHz FLL @ 70MEHz ]
—Cal;su PUa) 050, - stabilized
| 28464.674 GHz. CO, Laser
PLL @ 10 MHz

$X[ Gunn 1265 GHz
phlse control
Gunn
55.4 GHz

Klystron 73 35 GHz

B3¢0, -Laser P(28) |
29770.665 GHz

CO,-Laser R(32)
29477.165 GHz

[PLL @ 100MHz_

—

CHj - stabilized
HeNe Laser

Methanol Laser
4251.676 GHz

Backward Wave Oscillator
 3865GHz
PLL @ 80 MHz
17x

" Gunn Oscillator
22.7 GHz

Cs Frequency Standard
9.2 GHz

PLL @ 10 MHz |

[ Quartz Oscillator l.._| Hydrog:n Maser I
— JOMHe | L ’

]

FIG. 1. PTB’s frequency chain to the Ca intercombination
line (PLL = phase locked loop, details are given in the text).

NIST-1 optikai frekvencialanc

Alapelv:
X2X2XD2XD2XDXDIXDIXDI XD XD X2 X2 X2 X2

John Hall




Optikai frekvenciak mérése — a frekvenciaféesi

%, Nobel-dij 2005

Theodor W. Hansch

Dutpi.n Couplar

a ———Prisms
Attorés: oktavot atfogd fést (T~ fs ) Rawamont \
i © N A
Crystal Gr;up Dalay
2f-n_ - fg'ﬂ, — 2(n1f1'[_';p _I_ fn) - (2?1.}“13[_} —|_ fﬂ) —_— f{] Adjustment
=
=

= f, lebegési jelben = Cs 6rahozrogzithet6
= optikaifrekvenciak lekonvertalhatdk _. AT
mikrohulldmra a fés(ivel 6sszelebegtetve ATHIR T —

John Hall

e eeeas . . . o) Faamncy D AN
A fizikatorténet egyik legnagyobb sikersztorija! / \

e 2000: publikacié
e 2005: Nobel-dij
e 2005: kereskedelmi forgalomban kaphaté termék
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Kvantum-logikai ora

A B Cc D
N="1 w— > — — —_— —_— —n
|T) N=0 — —
?ggﬂ'&’f; RSB (AI) RSB (Be') David Wineland
H) h=o == == .- -o- -0- -o- -o-
S L S L S L S L

o 27Al* (6ra) és 2Be* (segéd) ionok kdzos csapdaban

e Kvantum-szuperpozicio atvitele a kozos rezgési mdduson keresztul



A stroncium-racs ora
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Az optikai 6ra ujszer( alkalmazasai

* Kronometrikus geodézia (10-18stabilitas)

 szallithato ora
* Gravitacios hullamok detektalasa
* Alapveto fizikai allandok id6fliggésének vizsgalata

* finomszerkezeti allanddra és elektron/proton tomegaranyra valé érzékenység

= soOtétanyag-kutatas

 Masodperc-ujradefinialas?
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Gravitacios idblelassu
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Kitekintés: aktiv (,,szuperradians”) optikai orak

M(kodési elv a mézer mintajara ( # lézer !)

rossz vs. jO rezonator

= aktiv vs. passziv frekvenciareferencia




Kitekinteés:
229Th nuklearis ora

8 eV-0s nuklearis izomer

Excitation energy (keV)

400 —

300 —

200 —

100 —

| —

Ground state  Isomer

x1/20,000

_,(P_,

Excitation energy (eV)

20 —

15—

10

lsomer

Ground state

Nagy el6ny: kémiai kotések nem hatnak a mag-atmenetekre = akar kristalyban is lehet.

loncsapda vagy (atlatszd!) adalékolt kristaly
Hatrany: XUV tartomanyban

Nagyon ritka izotop, kb. 40g van bel6le



Kvantumoptika a Wigner FK-ban

* =10 pK hémérsékletli Rb gaz
* er8sen csatolt optikai rezonator
* kvantuminformatikai és kvantummetrologiai

alkalmazasok elokészitése
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