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EkcnepmmeHTanbHi metoam

e CnekTpoCKONiYHi meToAM

Field-emission microscopy (FEM) and Field ion microscope (FIM)
Scanning electron microscope (SEM)
Thermal desorption spectroscopy (TDS)

Mass spectrometry. Quadrupole mass spectrometer (QMS)

Rutherford backscattering spectrometry (RBS) and Secondary-ion mass spectrometry (SIMS)
Helmholtz-Zentrum Dresden-Rossendorf: lon Beam Center, Electron Linac for beams with
high Brilliance and low Emittance (ELBE), Dresden High Magnetic Field Laboratory

Low Energy Electron Difraction (LEED). Reflection High Energy Electron Diffraction (RHEED)

e ®doToemicitHa cnekTpocKonia 3 KyToBum po3aineHHam (ARPES)

g CMHXpOTpOH Ta CMHXpOTpOHHi EKCNeEPUMEHTN

e CKaHyBanbHa TYHeNnbHa MikpocKkonia (STM) Ta cnektpockonia (STS)

e HenpyxHe HeNTPOHHe po3citoBaHHA (INS)

e MiooHHa cniHoBa cneKkTpockonia (USR)

e  TpaHCNOPTHI METOANKHU

e MeToam 3acHOBaHi Ha KBaHTOBMX ocumnauiax (QO)

e PeHTreHiBCcbKUIA AMXPOI3M Ta iHpayepBoHa cnekTpockonia (IR)
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1. Marepianw nig
BMIMBOM 30BHILIHIX
UMHHWKIB

2. Marepianv B
MarHiTHIX Ta
ENEKTPUUHIX NONAX

3. CnekTpockoniyHi
METoAM

4. ®oToemiciiHa
CNeKTPOCKONia 3
KYTOBUM PO3AINEHHANM
(ARPES)

5. CUHXPOTPOHHI
EKCMEPUMEHTU

6. KeaHToBe
TYHENHOBAHHA Ta
TyHeNbHa
cnekTpockonia: FT-STS

7. CnekTpanbHi hyHKUIT
Ta NepeTBOpeHHA Oypbe

8. HenpykHe
HERTPOHHE
poscitogaHHs (INS)

9. MiooHHa cniHoBa
cnekTpockonis (PSR)

10. TpaHcnopTHI
METOAMKM

11. MeToau 3acHOBaHI
Ha KBaHTOBMX
OCLMAALLIAX

12. PeHTreHiBcokuid
AVXpoism Ta
iHppauepBoHa
CNeKTPOCKONis

13. Macueni gani

X. CKaHytoua TyHenbHa
Mikpockonis Ta
CNeKTPOCKoNia

X. @izununi Aenwa y
BUCOKMX MarHiTHIX
nonax

X. MeTo4 KIHETUUHOTO
IHAEHTYBaHHA

Di3nYHI METOAM AOCTIAXKEHHA MaTepianis

Ha ronoeny / Kypcu / KAY / Kadeapa npuknagHoi gismkin Ta HaHomatepianis / basosi kypcu / OisMUHI METOAM

3aranbHe

Be v uaopx0@

Hapasi Bv BUKOPWCTOBYETE rocTboBMiA Aoctyn (YBirTH)

L -

Kypc cknaaaeTbes is CTMCAora ornagy-Knacudikauii cyuacHnx METOAIB JOCNIAKEHHA MATEPianis Nif BNAWBOM 30BHIHIX UMHHWKIB: TEMMNEPATYPY, TUCKY, MEXaHIUHOTO HABAHTXEHHA, MAarHiTHIX Ta e1eKTDMUHWX NOMIE Ta Pi3HWX BUAIB

ONPOMIHEHHS — PIHOMAHITHI CNEKTPOCKCNIUHI METOAW. BifblL AETaNbHO, Ha NPWKNAAaX EBPONERCEKIAX EKCNEPUMEHTAIBHUX IHBPACTPYKTYD, POSTNAHYTO CNOCOBK PeanizaLlii BUCOKIMX MarHITHUX MOAIS Ta iX 33CTOCYBaHHA,

CYHXPOTPOHHI KCNEPUMEHTH Ta METOZ (OTOEAEKTPORHOT CNEKTPOCKONIT, ANGPaKUifHI METOAN Ta METOAW TYHENLHOT ENEKTPOHHOT CNeKTPOCKoNiL.

L'i?;] HoBuHK

B Nitepatypa 3 disnunmx MeToRIE
L";W Dopym Kypcy "QizUuHi METOAM AOCAIIKEHHA MaTepianis”

i Binetn Ha icnuT (2018)

1. Matepianu nig sr/MBOM 30BHILHIX YAHHMKIB

Bemynna nexyta. flekmop: Onexcandp Kopoiok

« Temneparypa: WKanW, PEKOPAW, HOPMAa/bHI Ta ekcTpemaneHi Temneparypu Beecsity, neui ta kpioctati. [lianason Temnepatyp y ¢isuui koHgeHcosaHOT
PEYCBMHN. Benvknii aapoHHuit konakaep Ta ITEP. MeToan BUMIPIOBaHHA TEMNEPaTYPH.

e Thck: Big y/bTPa BMCOKOTO BakyyMy A0 METANIUHOTO BOAHIO, BAKYYMHI HACOCK Ta NMpeci.

« Qa3zoei giarpamm: P-T, B-T T-x

KonmponeHi numanxa

1. MiHiManeHi | Makcumansri TemnepaTypu: Ky6iT, piakui renid, ontuuHa niy, nosepxHa COHUA...
2. Y1M BM3HAYAIOTLCA MaKEUMaNbHi TeMNepaTypu IHAYKUIRHOT Ta ONTMUHOT neuer?

3. YoMy neplimm METanomM B AKOMY BIAKPAK HAANPOBIAHICTE cTana pTyTe?

4, TIpUHLMN AT KPIOCTaTy PO3UMHEHHAT

5. Yu 3aEXAM MM BUMIPIOEMO TEMMNEPATYPY TEPMOMETPY?

6. Y UikaBWA METANIUHMA BOAEHB?

7. Akumn BysatoTs Ga3osi giarpamn?

2. Matepianu B MarHiTH1x Ta enekTpUUYHKMX NOaAx

Bemynna aexyia 2. exmop: Onexcandp Kopdrok

+ Crane marHiTHe none. B-none ta H-none. Cuctemu oavHULs. MarHiTHi nons 8 npupoai. Ekpatysatia nons. HopmaneHi Ta HaANpoBigHi enekTpomartiti,

MixHapoaHi nabopaTopii BUCOKVX MarHiTHUX Nonis Ta CBiTosi pekopaun. KopoTkuii oraad, MarHiTHUX ekcrnepumenTie. MarHetoMmeTpu.
« Enextpwune none. TyHenbHa cNekTPOCKONiA. [oAb0BUA TpaH3MCTOP...

KonmponbsHi numanHa

1. Yum Biapiznaetbca H-none ta B-none?

2. NpuHuun poGotn AMP 1a MPT? Yomy posainbHa 38aTHICTL 3a1eXuTb Big noas?

3. Yum oBMexeHi MaKCMManbHi NONA PESUCTUBHMK, HaANPOBIAHMX Ta IMAYALCHUX MarHiTis?
4. MpuHuun poGotn notokosoro (fluxgate) marneTometpa?

5. MpuHuMn patotn VSM?

6. MpuHuwn poGotn SQUID?

URL (eef-nocunanka): 1 o;

URL (seb-nocunaks): 1 @

NeuraSpin research facility at the CEA's

NBTI @ 18K ->11.7T
D =90 cm, 132 tons
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Temnepartypa K .

The boiling

point of water 37313 —g E_ 100
36315 — IB— 90
« 1848 - Binbssim TomcoH (nopa KenbBiH), OpMTaHCLKNI 35315 - so
di3nK i iHXeHep: s —% 2— =
AT: 1K =1°C 315 = = 60
32315 = =— 50
T:0K=-273.15°C 313,15 § g 40
30315 5 E— 30
T — 0: Q,5,C,a—> 0 293,15 g E 20
28315 —p2=— 10
The freezing 27315 0
. point of water !
Pekopadu: s I
100 pK = 1010 K - agepHi cniHu 253,15 20
LUMaTouKy pogito (1999) ;‘3‘2"5 '32
15 -4
[http://1tl.tkk.fi/wiki/LTL/World_record_in_low_temperatures] 223,15 50
213,15 -60
203,15 -70
6 mK =6 103K - migHa kamepa 19315 80
~ 400 kr (2014) 183,15 9

Absolutezero (0 -273
[http://www.interactions.org/node/12905]



TemnepaTtypa

[wiki]

Peak emittance wavelength of

after the Big Bang

K black-body photons
L 450 pK 6,400 kilometers
temperature
- : 2.897 77 meters
One millikelvin 0.001 K (Radio, FM band)
Cosmic Microwave Background Radiation 2.7K 1.063 mm (peak wavelength)
Incandescent lamp 2500 K 1160 nm (Near infrared)
b e 501.5 nm
Sun’s visible surface 5778 K (Green light)
: . , 100 nm
Lightning bolt’s channel 28,000 K (Far Ultraviolet light)
Sun’s core 16 MK 0.18 nm (X-rays)
Thermonuclear explosion 8.3 x 1073 nm
350 MK
(peak temperature) (Gamma rays)
. . -6
Merging binary neutron 350 GK 8 x107° nm
star system (Gamma rays)
Relativistic Heavy 1TK 3 x10%nm
lon Collider (Gamma rays)
CERN's proton vs. 3x 1077 nm
. 10 TK
nucleus collisions (Gamma rays)
. 44 -26
Universe 5.391 x 10™“ s 1.4 x 1082 K 1.616 x 107%° nm

(Planck frequency)




TemMmnepatypa

0K 1032 K
Absolute cold Absolute hot

Planck temperature = 1.42x103? K

Strong gravitational forces -> quantum theory of gravity

Hagedorn temperature = 2 x 1012 K - quark matter (CERN)

in string theory ~ 103° K

6mK <6orders> 3000 K

Condensed matter experiment




Laboratory Furnaces

up to 1600°C

Tube Furnaces

Chamber Furnaces



Laboratory Furnaces Vacuum Furnaces

cARBOLITE' soCw
. IGEROEE=

Vacuum level <5 x10-6 mbar
High temperature top loader up to 3000 °C with Graphite
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Turni - Crucibles

OkcupaHi BOrHeTpuUBKi Matepianu:
kapbopyHAa, KOPYHAO, OKCUA LIMPKOHIIO,
OoKCua XpoMy, OKCuA Lepito,

OoKcuA ITPItO Ta iH.

MpadiT: KONLOPOBI MeTanNu
NMnatnHa: To4Hi XiMiYHi pobOTK, onepadil 3 NNaBUKOBOK KUCIOTOHO, iHLL.
Hikenb: poboTa 3 po3nnasamu nyris.

Ipnain, Poain, MonidaeH: ocobnmBo To4Hi nabopatopHi poboTn, BUPOLLYBAHHS
OOPOroUiHHNX KaMeHiB.

TanTan, Hiobin: poboTta 3 arpecMBHMMM KUCNOTaMU | pacniiaBamMu NaHTaHoIAIB.

Bonbdpam: poboTta B obnacTti HagBMCOKNX TemrnepaTyp B BakyyMi abo 3axXUCHIn
aTmocdepi.



Optical Furnaces

Four Mirror Optical Floating
Zone Furnace

up to 2200°C




Optical Furnaces

D Alumina f

Alumina seed holder

Four Mirror Optical Floating Zone Furnace up to 2200°C



Odeillo solar furnace

became operational in 1970
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Superconducting
qubits

Superconductor




Laboratory Cryostats

1911

IcTopis

HaanpoBiAHOCTI
no4yasnacs 3
renito




Laboratory Cryostats
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CraHui
CKpanneHHA

renito 8
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meTanodiznkKu
HAH YKpa



BunapoByBaHHSA pigvH

LN 77 K, LHe 4.2 K

BigKa4yyBaHHSM napu as3oTy 40 Temrneparypu NOTPiNHOI ToYkn 63 K
BigkadvyBaHHAM napwu renito - 0o 0,7 K

OpocentoBaHHSA
edpekT [>koyna-TomMcoHa

Po3wunpeHHsA 3 BUKOHAHHAM 30BHILLHBLOI pOo6OTH
netaHgep (TypbogetaHaep)

ApiabaTtHe po3marHiyyBaHHS
Ha edoeKTi NOrfMHaHHA TeNsIoTU Nig Yac po3MarHivyBaHHA napamarHiTHUX coseu
- 0o 0,001 K

EdekT lNenbTbe
Ha 3HWKEHHI TeMmnepaTypu cnaiB HaniBNpPoOBIgHWUKIB Mif Yac NPOXOOXKEHHA Yyepes
HUX MOCTINHOIO ENEKTPUYHOIO CTPYMY.

KpiocTtaTt po3unmHeHHSNA
cymiw aBox izotonis renito: 3He i 4He



KpiocTtaTt po34ynHeHHSA
CcyMmiLl aBox izotonis renito: 3He i 4He

no 2 mK

2.0

Normal fluid *He/*He

Fermi liquid *He
in superfluid “He

Temperature (K)
o

0.5F .
Forbidden region
‘«— Phase separation
0 1 | 1
0 25 50 75 100

3He concentration (%)

https://en.wikipedia.org/wiki/Dilution_refrigerator

*He pum p and purification

WK// 1K bathpump

—>®<L

42 K . . Helium bath
[ ]
¢ “He * 3He
[ ]
Concenser
) L]
1K beth -
[ ]
L ]
Mainim pedance
* . Still heater
L
Heat exchanger \ e Siill
[ ]

600 mK
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Phase boudary

Mlmng chamber — Dll.Ute Phase

20mK
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T. : Nb (9.3K), NbTi (~10K), Nb,Sn (18K), Nb,Ge (23K)






MixXHapoaHUN eKcnepuMeHTaNbHUM
TepmosagaepHuin peakrtop ITEP
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6n13bko 600 ToH Nb,Sn.
HC | ctinbKu K NbTi



Contact temperature measurements

1. Thermistors, RTD 0.004 Q/°C
2. Thermocouples 10 K — 2500 K
3. Semiconductor Probes 1uA/°C

Typical RTD Design

coiled resistance element
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Type Materials Min temp Max temp | Min°C | Max°C
J Iron _ 0°C 750°C 0 42.281
Constantan(Cu-Ni) mV mV
T Copper _ 250°C 350°C -6.18 17.819
Constantan(Cu-Ni) mv mV
K Cromel (N.I—Cl') 200°C | 1250°C -5.891 50.644
Alumel (Ni- Al) mV mvV
E Cromel (Ni-Cr) _ 200°C 900°C -8.825 | 68.787
Constantan(Cu-Ni) mV mV
N NfCI’IOSII _(Nf—Cr-Sl) 260°C | 1300°C -4.336 | 47.513
NiSil (Ni-Si-Mg) mV mV
——s . -
S Plat!num 13% Rhodium 50°C 1768°C 0.236 18.693
Platinum mv mV
— .
B Platfnum 30% Rho@uum 0°C 1820°C 0 13.82
Platinum-6% Rhodium mV mVY
-59 i
c Tungsten-5% Rhenu!m 0°C 2320°C 0 37.107
Tungsten-26% Rhenium mV mvV

The first three are the most common of the
thermocouples in use throughout industry.




Non-contact temperature measurements

1. Single reading devices
2. Camera Field Devices

Spectral energy density / kJ/m3 pm

8E+11

6E+11

4E+11

2E+11

500

1000

Wavelength / nm

1500

2000



KoHmponbHi numaHHA

1. MiHiManbHi i MakcMManbHi TemnepaTypu: KybiT, piakuu renin,
ONTUYHA Niy, noBepxHA CoHUA...

2. Ym BM3HAYAOTbCA MaKCMMaIbHI TEMNepaTypu iHAYKUiNHOI
Ta ONTUYHOI nNeyvyen?

3. Yomy nepwmm meTanom B AKOMY BiAKPUAN HAANPOBIAHICTb
CTana pTyTb?

4. MNMpuHUMN AiT KpiocTaTy PO34YMHEHHA?
5. Yn 3aBXKAM MU BUMIPIOEMO TEMMEPATYPY TEpPMOMETPY?



TUCK

Standard atmosphere, for
comparison

Intense hurricane

Vacuum cleaner

Mars atmosphere

freeze drying

Incandescent light bulb

Thermos bottle
Earth thermosphere
Vacuum tube
Cryopumped MBE chamber

Pressure on the Moon
Interplanetary space
Interstellar space

Intergalactic space

Pressure (Pa or kPa)

101.325 kPa

approx. 87 to 95 kPa
approximately 80 kPa

1.155 kPa to 0.03 kPa (mean
0.6 kPa)

100 to 10

10to 1
1to 0.01

1 Pato 1x1077
1x107°to 1x10°8
1x1077to 1x10°°

approximately 1x10-°

Pressure
(Torr)

760

650 to 710
600

8.66 10 0.23

1to 0.1

0.1t00.01
102to 10

10=2to 107°
1077 to 10710
10°%to 10~M

10—11

Mean Free
Path

66 nm

70 nm

100 ym to
1 mm

1 mmtolcm
lcmtolm

1cmto
100 km

1to 1,000 km

100 to
10,000 km

10,000 km

Molecules per

cm3

2.5x101°

1019

1016 to 1015

1015 to 1014
1014 to 1012

1014 to 107
10° to 106
107 to 10°

4x10°
11

1

1076



Tuck

1 psi = 1 Ibf/in2 = 68,046+10-3aTtm = 69 mbap = 51,7 Topp

bap klMa ATM. kr/em?2  Topp (MM pT.CT.)
Bap 1 100 0,9869 1,0197 750
kMa 0,01 1 0,009869 0,00102 7,5
ATM. 1,013 1013 1 1,033 760
Kr/cM2 0,9807 98,067 0,9678 1 735,528
Topp (mm pt,cT.) 0,00133 0,1333 0,001316 0,00136 1

1 mbap =1 r1a =100 Na = 0.75 Topp

Perfect Vacuum 0 Torr (theoretically impossible)
Outer Space about 10° to 10™"" Torr
Extreme High Vacuum about 10™"° Torr

Ultra High Vacuum (UHV) about 107%to 10™"" Torr

High or Hard Vacuum (HV) about 10™ to 10 Torr

Medium or Intermediate Vacuum about 107 to 10 Torr

Low, Soft or Rough Vacuum about 10 Torr

Atmospheric Pressure 760 Torr
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ARPES Vacuum Chamber

at BESSY 2002



CTyneHi Bakyymy

CTVHIHD BAKYYM Tuck, [ycTnHa rasy, CepegHa poBXMHA Yac yTBOpeHHA
Y yymy P (Topp) n(m3) npobiry, | (m) MoHoLwapy, t (c)
Atmocdepa 760 2 x10% 7 X108 107
HusbKni 1 3 x10%2 5x10° 10°
CepeaHin 103 3 x10%° 5 x102 103
Bucokui 10® 3 x1016 50 1
YNbTpa-BUCOKUI 10710 3 x1012 5x10° 10%

Diaphragm pumps /
MembpaHHi Hacocu

Working principle of the turbomolecuar pump (Leybold)
https://youtu.be/V2fbXdNgDJM?si=ClwUbAj-1452z\W5t

Turbomolecular pump /
TypbomonekynssipHUin Hacoc

W.Becker, based on the

invented in 1958 by

older molecular drag
pumps



https://youtu.be/V2fbXdNgDJM?si=CIwUbAj-I452zW5t

BakyymHi Hacocu / Vacuum pumps

Turbomolecular pump / TypbomonekynapHuin Hacoc
invented in 1958 by W. Becker, based on the older
molecular drag pumps

Working principle of the turbomolecuar pump (Pfeiffer) https://voutu.be/f1SErZyhMed?si=87qFDnICObgsipba



https://youtu.be/f1SErZyhMe4?si=8ZqFDnICQbgsip6a

Vacuum pumps

e Positive displacement pumps
* Rotary vane pump, the most common
* Diaphragm pump, zero oil contamination
e Piston pump, fluctuating vacuum
e Scroll pump, highest speed dry pump
e Momentum transfer pumps
e Diffusion pumps
 Turbomolecular pumps
e Entrapment pumps
* Cryopump
* Non-evaporative getter pump
e Titanium sublimation pump (TSP)



BumiproBaHHA BaKyymy

Measuring Vacuum PFEIFFER:E VACUUM
HOT CATHODE -
& COLD CATHODE ®
® PIRANI @

—— PIEZ0 —e@
® CAPACITIVE D

1-10-1" [l 1-10-3 1013

hPa
ULTRA-HIGH HIGH MEDIUM LOW
VACUUM VACUUM VACUUM VACUUM

Vacuum Measurement Principles by Pfeiffer Vacuum
https://youtube.com/playlist?list=PLBUqdQZpQHAQO jpFTANKP5srixmD3Uw19&si=A508VFW3xILoFBOS



https://youtube.com/playlist?list=PLBUqdQZpQHAO_jpFTAnKP5srlxmD3Uw19&si=A5q8VFW3xlLoFB0S

BumiproBaHHA BaKyymy

PFEIFFER B vACUUM

Capacitive Gauge

Piezo-resistive Gauge

4 »
CAPACITIVE GAUGE @

Vacuum Measurement

N Pirani Gauge
Principles

Pfeiffer Vacuum
5videos 966 views Last updated on Apr 12,2023

Cold Cathode

¥

p Playall >3 Shuffle

Hot Cathode

HOT CATHODE GAUL 216

Vacuum Measurement Principles by Pfeiffer Vacuum


https://youtu.be/27ZJbtA9M0k?si=mC0pPd7R-J0g1NY_
https://youtu.be/k0bBzFmUZp4?si=ChK8gBEFzK0FmWDZ
https://youtu.be/P_8q30JLp-E?si=04qUiqpz6JnIiqy-
https://youtu.be/PiJku9rUdGE?si=5vXHR2sMApgal1lr
https://youtu.be/FIQQovDHmGY?si=TlWocEhUEMsmgEA-
https://youtube.com/playlist?list=PLBUqdQZpQHAO_jpFTAnKP5srlxmD3Uw19&si=A5q8VFW3xlLoFB0S

Cold Cathode

2

Magnetic field causes spiral movement of electrons
i

Vacuum Measurement Principles. Playlist by Pfeiffer Vacuum
outube.com/playlist?list=PLBUgdQZpQHAQO jpFTANKP5srixmD3Uw19&si=A5q8VFW3xILoFBOS



https://youtube.com/playlist?list=PLBUqdQZpQHAO_jpFTAnKP5srlxmD3Uw19&si=A5q8VFW3xlLoFB0S
https://youtu.be/PiJku9rUdGE?si=o24R_N0NwvQ_93EK&t=29
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S.D. Jacobsen

Northwestern University
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10.2016: B KOMipLi 3 AiaMaHTOBNMMU
KoBagsiaMu rnpu TUCKY 6nm3sbKo
495 'Tla ~ 5 mnH aTmMocdep

S.D. Jacobsen
Northwestern University

500 IMa / (30 Mkm)"2 ~ 36 Kr

Reflective H

)

495 GPa C

Dias & Silvera, Science (2017)
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Fig. 4. The T-P phase diagram of
hydrogen along Pathway | of Fig. 1. The
data shows the thermodynamic pathway
followed for our measurements. We also
show other recent data for the phases at
lower pressures from Zha et al. (40),
Howie et al., Eremets et al. (25), and Dias
et al. (24). A transition claimed by
Dalladay-Simpson et al. (41) at 325 GPa
is plotted as a point, as is the earlier
observation of black hydrogen by
Loubeyre et al. (28).

Temperature (K)

Fig. 1. Experimental/theoretical P-T
phase diagram of hydrogen. Shown
are two pathways to metallic
hydrogen, | the low temperature
pathway and Il the high temperature
pathway. In pathway | phases for pure
para hydrogen have lettered names:
LP (low pressure), BSP (broken
symmetry phase) and H-A (hydrogen-
A). The plasma phase transition (PPT)
is the transition to liquid metallic
atomic hydrogen.

Dias & Silvera, Science (2017)
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Magnetic field

B-field H-field
e Magnetic induction e Magnetic field intensity
e Magnetic flux density e Magnetic field strength

e Magnetic field e Magnetic field
e Magnetizing field
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Magnetic field

B-field H-field
1T=10%G 1 kA/m = 4rx Oe
1mT=10G 1 kA/m =12 Qe

+ dpopmynun, posmarHidyBanbHUU akTop,

«(“HIIIIIIIIIHI})» MacLuTab ycepeaHeHHs

o = 47 x 1077 [N/A? or H/m)]
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Item

SQUID magnetometers on Gravity Probe B gyroscopes measure
fields at this level over several days of averaged measurements

SQUID magnetometers on Gravity Probe B gyros measure fields
at this level in about one second

Human brain magnetic field
Magnetic field strength in the heliosphere

Magnetic field produced by a microwave oven, in use, at a
distance of 30 cm

Strength of Earth's magnetic field at 0° latitude (on the equator)
Strength of Earth's magnetic field at 50° latitude

The strength of a typical refrigerator magnet

Strength of a modern neodymium-iron—-boron (Nd,Fe,,B) rare
earth magnet.

Strength used to |evitate a frog

Strongest continuous magnetic field yet produced in a
laboratory (National High Magnetic Field Laboratory, USA)

Strongest pulsed non-destructive magnetic field produced in a
laboratory, Pulsed Field Facility at National High Magnetic Field
Laboratory's, Los Alamos National Laboratory, Los Alamos, NM,
USA)

Strongest (pulsed) magnetic field ever obtained in a laboratory
(Zmachine, Sandia National Laboratories in Albuquerque, New
Mexico)

Strength of a neutron star

Strongest pulsed magnetic field created by destructive
measurements in Jablikia , Russia).

Strength of a magnetar

Planck magnetic field strength
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A Room with the Lowest Magnetic Field in the Solar System

— to measure the electric
dipole moment of the
| eutron

| —to explain phy5|cs beyond
our Stanlard Model

§ — measur magnetic signals
from the iin with SQUIDs

B — the design and testing of
§QUIDS,‘superconducting
detectors, and low-noise
‘electronics

!‘\ '\ l
A large-scale magnetic shield with 1076 damping at mHz frequencies
J. Appl. Phys. 117, 183903 (2015)
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* Everitt; et al. (2011). Gravity Probe B: Final Results of a Space Experiment to Test General Relativity.
Physical Review Letters. 106 (22): 221101. arXiv:1105.3456
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arrived in Saclay on
May 18 2017

Dispositif de liaison avec le systéeme
de refroidissement cryogénique

et I'alimentation électrique (1500 amperes).

NeuroSpin research facility at the CEA's
Paris-Saclay Center
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dc magnetic field

High Field Magnet Laboratory
@ University of Nijmegen

16T

2014

HFML sets world record
with a new 37.5 tesla
magnet




National High Magnetic Field Lab,
Los Alamos National Laboratory
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Diagram of the 45 tesla hybrid magnet



Chinese Academy of Sciences'
Steady High Magnetic Field Facility (SHMFF)
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The hybrid magnet that achieved a record 45.22 tesla

https://www.sciencealert.com/scientists-just-broke-the-world-record-for-the-most-powerful-

stable-magnetic-field
15 August 2022



Bitter electromagnets
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Superconducting magnets
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Superconducting magnets
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Superconducting magnets

32 Tesla
All-Superconducting
Magnet:

YBCO (2 coils),

NbTi (3 coils)

https://nationalmaglab.org/education-magnet-academy/teachers/32-tesla-scm

45.5-tesla direct-current magnetic field generated with a high-temperature superconducting
magnet. Nature 570 496 (2019)
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Pulsed Field Facility @ National High Magnetic Field Lab,

Los Alamos National Laboratory
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HLD. Dresden High Magnetic Field Laboratory




HLD. Dresden High Magnetic Field Laboratory
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“Z machine” (Z Pulsed Power Facility)
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Item

SQUID magnetometers on Gravity Probe B gyroscopes measure
fields at this level over several days of averaged measurements

SQUID magnetometers on Gravity Probe B gyros measure fields
at this level in about one second

Human brain magnetic field
Magnetic field strength in the heliosphere

Magnetic field produced by a microwave oven, in use, at a
distance of 30 cm

Strength of Earth's magnetic field at 0° latitude (on the equator)
Strength of Earth's magnetic field at 50° latitude

The strength of a typical refrigerator magnet

Strength of a modern neodymium-iron—-boron (Nd,Fe,,B) rare
earth magnet.

Strength used to |evitate a frog

Strongest continuous magnetic field yet produced in a
laboratory (National High Magnetic Field Laboratory, USA)

Strongest pulsed non-destructive magnetic field produced in a
laboratory, Pulsed Field Facility at National High Magnetic Field
Laboratory's, Los Alamos National Laboratory, Los Alamos, NM,
USA)

Strongest (pulsed) magnetic field ever obtained in a laboratory
(Zmachine, Sandia National Laboratories in Albuquerque, New
Mexico)

Strength of a neutron star

Strongest pulsed magnetic field created by destructive
measurements in Jablikia , Russia).

Strength of a magnetar

Planck magnetic field strength
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Survey magnetometers Laboratory magnetometers
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(SERF) atomic magnetometers
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LRl Rediscovering the Lost At of Huxgate

SHARE THE SCIENCE

Magnetoneter Cores

Published: Jul 6, 2021

PROJECT. MAGnetometers for Innovation and Capability (MAGIC)
SNAPSHOT

A NASA-sponsored team at the University of lowa is
rediscovering and improving lost techniques to develop high-
fidelity instruments needed to make the magnetic field
measurements that enable many of the nation’s space science
and space weather missions.

Fluxgate magnetometers are essential and widely-used space
science and space weather instruments, but they depend on a
legacy component—a ferromagnetic core—that was
developed and manufactured for the U.S. Navy using
technology that has been subsequently lost to the civilian
community. The stockpiles of these legacy cores are so depleted
that some providers are now exploring destroying old flight-
spare hardware to recover and refurbish the cores for use in I DU A
new missions. e h 2 9 4 5 9 T

The instrument’s performance is limited by the magnetic noise of  New ‘Tesseract’ high stability sensor prototype
a specialized ferromagnetic core. enabled by new styles of fluxgate cores.

https://science.nasa.gov/technology/technology-highlights/rediscovering-the-lost-art-of-fluxgate-magnetometer-cores
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Analytical balance-based Faraday magnetometer

Alberto Riminucci,”® Marc Uhlarz,? Roberto De Santis,® and Thomas Herrmannsddrfer®
'Institute for the Study of Nanostructured Materials, CNR, Via Gobetti 101, 40129 Bologna, Italy
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We introduce a Faraday magnetometer based on an analytical balance in which we were able to
apply magnetic fields up to 0.14 T. We calibrated it with a 1 mm Ni sphere previously characterized
in a superconducting quantum interference device (SQUID) magnetometer. The proposed
magnetometer reached a theoretical sensitivity of 3 x 107% A m”.
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Magnetometers / MarHitomeTpu

Survey magnetometers Laboratory magnetometers
MonboBi marHeTomeTpuU JNTabopaTopHi marHeTomeTpu

Proton precession magnetometer e Faraday Force Magnetometry

Caesium vapour magnetometers e VSM (Vibrating Sample Magneto-

Rotating coil magnetometer meter)

Fluxgate magnetometer e Inductive Pickup Coils

Hall sensor e Pulsed Field Magnetometry

Magnetoresistive devices e SQUID Magnetometer

SQUID magnetometer e Torque Magnetometry

Spin-exchange relaxation-free * Optical Magnetometry

(SERF) atomic magnetometers
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Luantam DaRign Physical Property Measurement System (PPMS®)
Magnetic Property Measurement System (MPMS®3)

PPMS:

T=1.9-400K, 7,9, 14 and 16 tesla magnets

e Heat Capacity, Electrical Transport and DC Resistivity
measurements

e Helium-3 Refrigerator Option (down to 0.5 K)

e Dilution Refrigerator Option (from 4 K down to 50 mK)

e Adiabatic Demagnetization Refrigerator (ADR) (from 300 K
to ~100 mK in <3 hours)

MPMS: SQUID Magnetometry
T=18-400K,B<=7T20.05G

e Vibrating Sample Magnetometer (VSM) Oven (up to 1000K)
e AC Susceptibility Option (0.005-15 Oe, 0.1 Hz — 1 kHz)

e Magneto-Optic Option (UV or IR Rod)

e Horizontal Sample Rotator




IQI Qusstom NESRgn Physical Property Measurement System (PPMS®)
Magnetic Property Measurement System (MPMS®3)
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QusatamINasign Physical Property Measurement System (PPMS®)
Magnetic Property Measurement System (MPMS®3)

£

PPMS-based set-up for Raman and
luminescence spectroscopy at high magnetic
field, high pressure and low temperature
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Materials in Magnetic Field

Resonance spectroscopies:

— NMR

— EPR

Quantum oscillations:

— resistance (the Shubnikov-de Haas effect)
— Hall resistance

— magnetic susceptibility (the de Haas-van
Alphen effect)

Muon spin spectroscopy (USR)

Neutron scattering
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prefix

Micro-

Milli-

Centi-

N/A
Deca-

Hecto-

Kilo-

Mega-

Peta-

N/A

Factor
(volt)

1077
1074

1072
10°

10t
10?

103

10*
10°
106

107

108
101
1027

Value

0.5uv
0.5-1mV
~10-50 mV
75 mV
1.5V

12V
100-240V
2450V
3-35kV
4160-34,500 V
25 kV

800 kV

3 MV

25.5 MV

100 MV
7PV
1.04x10%"V

Item

Change in nerve cell potential caused by opening a single acetylcholine receptor channel

Miniature endplate potentials, spontaneous fluctuations in neuron potentials

Ripple voltage in the output of a good DC power supply

Nerve cell resting potential

Alkaline battery AA, AAA, C or D battery

Typical car battery

Domestic wall socket voltage

Electric chair execution in Nebraska

Accelerating voltage for a typical television cathode ray tube

Typical voltages in North America for distribution of power from distribution substations to end users

European high-speed train overhead power lines
Lowest voltage used by ultra-high voltage (UHV) power transmission systems

Used by the ultra-high voltage electron microscope at Osaka University

The largest man-made voltage — produced in a Van de Graaff generator at Oak Ridge National
Laboratory

The potential difference between the ends of a typical lightning bolt

Voltage around a particular energetic highly magnetized rotating neutron star

Planck voltage
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Scanning tunneling spectroscopy (STS)

Vacuum
level

STM tip

Fotential
gradient

2.0+

Yacluum
level

Differential Conductance (arb. units)

Density of states (DOS)

1.0
________ rejaxation E— ! -
" T Fredtasomk = -,

.......... s v e - ‘Adsorbate
......... 0.0 I ( ( °° ( (9 { ( [ ( ( (
L 400 -200 0 200 400 ¢ { ( ( « ¢ ¢
Trzr?lsarﬁiastsl(i:o Bias Voltage (V) (" & i §6r4f£9(( "

Occupied states

sample VaCULIm tip

@2 c3)




Monbosuit TpaH3suctop / field-effect transistor (FET)

Metal-oxide—semiconductor field-effect transistor (MOSFET)

Temperature (K)

Oxide Gate

Source

A Superconducting Field-Effect
Switch

J. H. Schén, Ch. Kloc,! R. C. Haddon,? B. Batlogg’
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Retraction

... AND J. HENDRIK SCHON SCIENCE+*1 Nov 2002 Vol 298, Issue 5595¢p. 961¢DOI: 10.1126/science.298.5595.961b

We are writing as coauthors on the following manuscripts published in Science, which were, in part, the subject of
an independent investigation conducted at the behest of Bell Laboratories, Lucent Technologies. The independent
committee reviewed concerns related to the validity of data associated with the device measurements described in
the papers.

1. ). H. Schon, S. Berg, Ch. Kloc, B. Batlogg, Ambipolar pentacene field-effect transistors and

inverters, Science 287, 1022 (2000).

2. ). H. Schon, Ch. Kloc, R. C. Haddon, B. Batlogg, A superconducting field-effect switch, Science 288, 656 (2000).

3. J. H. Schon, Ch. Kloc, B. Batlogg, Fractional quantum Hall effect in organic molecular

semiconductors, Science 288, 2338 (2000).

4. ). H. Schon, Ch. Kloc, A. Dodabalapur, B. Batlogg, An organic solid state injection laser, Science 289, 599 (2000).
5.J. H. Schon, A. Dodabalapur, Ch. Kloc, B. Batlogg, A light-emitting field-effect transistor, Science 290, 963 (2000).
6. J. H. Schon, Ch. Kloc, H. Y. Hwang, B. Batlogg, Josephson junctions with tunable weak

links, Science 292, 252 (2001).

7. ). H. Schon, Ch. Kloc, B. Batlogg, High-temperature superconductivity in lattice-expanded

Ceo» Science 293, 2432 (2001).

8. J. H. Schon, H. Meng, Z. Bao, Field-effect modulation of the conductance of single

molecules, Science 294, 2138 (2001).

As a result of the committee's findings, we feel obligated to the scientific community to issue a retraction of the
above articles. We note that although these papers may contain some legitimate ideas and contributions, we think
it best to make a complete retraction.

Note
Editor's Note:For more information on the investigation, please see the summary and full report of the committee,
which are available at www.lucent.com/news events/researchreview.html.
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https://doi.org/10.1126/science.1058812
https://doi.org/10.1126/science.1064773
https://doi.org/10.1126/science.1066171
http://www.lucent.com/news_events/researchreview.html

Ferroelectric field-effect transistor

CerHeToenékTpukm ado hepoenéKTpukm — pevdoBUHU, SKIi MalOTb CNOHTAHHUW ONNONbHUIA
enekTpUYHNN MOMEHT B OfHiN i3 KpucTaniyHmx dpas, Lo iCHye B NeBHOMY
AianasoHi Temneparyp.

A ferroelectric field-effect transistor (FEFET)
combines a ferroelectric material with a
semiconductor in a transistor structure.

FEFET can be a key hardware component
in the future of computing, providing a new
approach to electronics that we term
ferroelectronics

Semiconductor

Nature Electronics 3, 588 (2020) https://doi.org/10.1038/s41928-020-00492-7



https://doi.org/10.1038/s41928-020-00492-7

KoHmponbHi numaHHA

1. Yum Bigpi3HA€ETbCA H-none ta B-none?

2. NMpnHumnn pobotn AMP ta MPT? Yomy po3ainbHa 34aTHICTb
3a/1eXunTb Big nona?

3. Yum obmeKeHi MakCUMaibHi NONA PE3UCTUBHMUX,
HaANPOBIAHMX Ta IMNYNbCHUX MATHITIB?

4. MpuHumn poboTtn notokosoro (fluxgate) marHeTomeTpa?
5. MpuHumn pobotn VSM?
6. MpuHumn pobotn SQUID?



