Noise is a powerful tool ... From CM ... medicine...to financial markets

Direct Observation of a Fractional Charge

E. de-Picciotto, M. Reznikov, M. Heiblum, V. Umansky. G. Bunin and
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Ever since Milliken's' famous experiment it is well known that the
electrical charge is quantized in units of the electronic charge - e.
For that reason, Laughlin’s’ theoretical prediction of the existence
of fractionally charged guasi parficles, put forward in order to
explain the Fracfional Quanium Hall (FQH) effect, is very counter
intuitive. The FQH effect is a phenomenon that occurs in a Two
Dimensional Electron Gas (IDEG) subjected to a strong
perpendicular magnetic field, This effect results from the strong
interaction among the electrons and consequently current is carried
by the above mentioned guasi parficles, We directly observed this
elusive fractional charge by utilizing a measurement of guantum
shot noise, Quanium shot noise results from the discreteness of the
current carrying charges and thus is proportional to their charge,
O, and to the average current I, namely, §=20I Our guanitum shot
noise measurements unambiguously show that current in a 2DEG
in the FQH regime, at a fractional filling factor v=1/3, is carried by
fractional charge portions e3; in agreement with Laughlin’s
nradiction.
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Long-Range Anticorrclations and Nop-Gaussian Behavior of the Heartbeat
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W Bnd that the sucoessive incrememts in the cardine beat-to-best inbervals of healthy subjects
duplay scak-invariant, long-tangs anticorrelstions (up to 107 heart beata), Furthermore, we find
that the hstogrsm for the heartbeat intervals increments is well described by 8 Lévy stabde distriba
tion. For a group of sabjects with severs heart disease, we find that the distribution s uschasged,
but the long-range correlations vanish. Therefore, the different sealing bebnvicr in health aesd diseiss
mvust relate to the underlving dynamics of the hiarthboeat.
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Noise and grounding issues

Noise team:

B.L. Brandt, L.W. Engel, S.T. Hannahs, J.J. Jaroszynski, A. Migliori,
T.P. Murphy, E.C. Palm, D. Popovic, A. P. Reyes, A. Souslov
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At lower frequencies, here is what we are up against
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Existing grounding system:

-existing grounding system
is interconnected D——
between magnets,

cells, power outlets |
water mains, i =
building construction |
-this makes it a huge net | Bl
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Existing grounding system:

AC currents in grounding cables  — 1 -J.-_+ ._?. ';::_-_: "L* w,,..-_.l..._._.
When DC power sUpply on s 1 5 B t A1 @ 20Hz
Cnly bivbrid was operated at B=24 T = 1_:,.--'«;-: C = Y =7 ma GF'% separated
5
e AEN MAEWET FHLL i — A
I : .
PUtE TUMMEL- = e | .
T = A n I 40ma @EIHz
= i
BRATWE MALMTT CELL EESFTIWE MALNET CELL
* {4 P
e : 1 Mothing connected, very clean
- P — .‘———-i' FE g “"L —— —'I'i""-.‘; !
28mA @k0Hz [ = k “E —
EESHTINE HASNET ¢ FE &S VE PAILET L k
=1 mAwhen on this separate grouny e el T |
 E— .t [N - ===ubk 40m# GoEIHz
I e i & . +—
281 3 mA @E0HzZ : ; ; s
ATHE M i ""\n'_n ET CELL L
| !,,f‘*” o = AmA @EE0Hz

140mA @E0Hz |,!:*‘ B
H RESAT nIE Hlt.h'l-'l
h_ _ -
BOOMMA @EOHZ ;
. ,-q‘-JE -ru.r.m |

| REE DETAIL 3 DK ILEY
_,1;1|" Foy A Y
i lrg.ﬂm FRLMET ERLL ]
. T |

o - —
[T =

— =S

T

"Bqll' M.E.H['1 CELL

40mA @eE0HzZ E
@ ARSI STVE MARNET E\'E{TI—"—[I_EE Ly -
L - =
11 i - g |
'n-i-‘f- e p o | i
: |

i A
§TEST CELL |OFTICh LAB

1% i :
. ap-...-t rL'-—.;|

L P L e B e

I
|
fﬁﬂm.ﬂ. oblHz, 40 mAGEED

Lo

— E I
u‘
LTIV, MASMET CELL &

- 8

50maA @E0Hz, 40 mAREED

-

'—J‘?=T— 4mA @1 80Hz




Typical spectrum of the noise in grounding cables in cells #2-14
when switching DC power supply is on

Cell #7, only hybrid powered
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set your frequency f<60 Hz or >3 kHz:

Johnson noise (nV) from 1 kOhm resistor could be measured here
avoid especially 200Hz - 2 kHz

users from Europe: be aware of 60Hz, not 50 Hz

new power supply will be installed soon



I't is not easy to make a good ground in Florida soil:

Grounding rods in C120 measured with 3 probe method vs. the racetrack
@575 Hz, 2 days after 1 in of rain and 2 months of drought in April
Now: 50% more
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New grounding system (almost done)
flat festoon cables extended from star
ground in cells #9-12

these cables have reduced inductance

any cable has approx. 1 uH per meterll!
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4[5 MSULATED COPPER

CONDUCTOR (1260




Millikelvin building:




New grounding bars:

It is absolutely critical not to connect it
to any other grounding

It could spoil your experiment as well

as experiment in other cells Il



Grounding issues

-existing grounding system is interconnected
between magnets, cells, power outlets
water mains, building construction

*this makes it a huge net which pick-up a lot

of noise: currents up to 1 A, voltages up to 1V
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-solution: to separate ground in each cell
*however, measurements show that

existing home made grounding rods have
high resistance: 15-140 Ohm after 2 month

of drought, while the most liberal US safety norm is 25 Ohm.

‘it is also not easy to drill trough 2’ concrete
platform

-alternate solution: to extend

“forgotten” star ground from cells
#9,10,11,12 to other cells (work almost done)
-using flat festoon cable 4x4 AWG

*it has resistance as 3/0 welding cable

but lower inductance,

*in millikelvin building: connect ground

¢4+ rras clesetothe magnet as p_i,ssjb'l'e'

directly to grounding rods
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importance of good grounding: after
“cleaner” grounding point found, resistive
detection of NMR in FQHE regime
is possible in the hybrid (Jiang&Stormer)
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V (dBmV)
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High frequency problems:
HF not only interfere with HF measurements as NMR

but also sneaks to cryostats heating samples in the mK range,
and dephasing electrons

Figure 3
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almost the same spectrum everywhere
+ computers, monitors etc



“4 min” switching due to e-microscope chiller
(local C-120 problem solved)
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Diagnostic: Noise crash cart

The ability to measure and log noise problems whenever they arise

*Megger ground meter

for ground loop detection and ground resistance

meas.)

*Tektronix oscilloscope with FFT

*AC current clamp (ground loop current detection
and spectroscopy

*DC current clamp

*Differential preamp, voltage probe

*Protek 3290 RF Spectrum Analyzer 0.1-2900MHz

e Laptop all can run on batteries

sisolation transformer




Quick detection of ground loops:
current should be zero!



Ground current measurements and spectra
in grounding cables, pumping lines

Very bad, strong 60 and 660 Hz
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Good,

residual 60 Hz and harmonics
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Noise Crash Cart (NCC)
S. Hannahs, J. Jaroszynski, A. Migliori, T. Murphy, E. Palm

We describe here a “noise crash cart” (NCC, photo below). The NCC will provide a portable system able to respond to an obvious need to quantify noise in
magnet measurement systems. Without the ability to quantify, the expected incremental response of systems to noise-abatement strategies cannot be detected
reliably—and we expect that almost all improvements to be made will be individually small—so it is important not to miss any opportunities for lack of testability.
The NCC is comprised of a portable isolation transformer, digital phosphor oscilloscope with Ethernet porting of data and a spectrum analyzer function built in
(FFT) for making quantitative measurements, clamp-on current probes for measuring ground currents, and especially important to the mK facility, a RF signal
strength analyzer. With this system we can measure and log ground noise and ground-loop currents, magnet power supply noise and frequency components,
transmissions from the ELF (Navy) through cellular phone (893MHz to 1990MHz) and correlate these with noise in a measurement.

Item Cost for each NCC

Tektronix TDS 3012B DPO scope with FFT and 4.5K
TDS3BATB battery pack, differential preamp

Sola MCR 63-13-210-6 Isolation transformer 0.9K
AEMC MN 312 AC Current Clamp 0.54K

DC current gun

Protek 3290 RF Signal Strength Analyzer 0.1- 2.2K

2900MHz
Cables, cart and connectors 0.4K
Laptop and USB-RS-232 adapter 1.7K

Megger ground meter 1.4K



Fighting the noise

Yet another problem:
Changes of Vac from power line due to sweeps in resistive magnets

as seen in C-120
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Sometimes these Vac fluctuations influence measurements
(here V was is measured by lockin @ 10uV range)

Si MOSFET

002 T I 1 T T T T T ‘

0.01 -
e
S 0 |
<

001 -

oL

0 1 2 3 4

hours



To stabilize V:
ferro-resonant line-voltage regulators

they serve also as isolation transformers
providing clean power and clean ground
for experiment

to exp. set up

g g to exp. set up

d = clean ground

plugged to the wall

d;’ry groun



GPIB opto-isolators:

to cut ground loop between the computer
and the experimental setup

to reduce HF in mK experiment

B: clean side A: dirty side

plugged into
the wall ou’rje’r

v

A

experiment computer



Important: plug into dirty ground other instruments which are connected
to the computer via USB, RS eftc. or isolate their ground

stepper motor driver to the wall



Suggested good practices:

Things to be done well before magnet time
starts:

- W
\.\\\\I\}\\\I\ X

1) Mount samples maximizing use of twisted
pairs in the probe and cables

2) Isolate you probe or cryostat from the
magnet, double-check if cables/shields
connect ground between instruments and the
probe

(usually they don't)

Secure cables against vibrations

3) Isolate the probe from pumping lines
using plastic clamps/orings

4) Check these connection using ohmmeter
with sharp terminals (stainless steel, oxided
aluminum are difficult to contact)

5) Then check your setup for ground loops
using Megger ground meter and/or the scope
and current clamps




Important exception:
in SC magnets do not isolate sliding probes
Just opposite: ground them

ground



Keep control on if possible noisy ground loops
on the new SS instrumentation carts
bad example:




Sometimes ground loop arises very unexpectedly:

manufacturer fault:
random connection between
chassis and transformer cover

dirt between stepper motor
and the probe connects
dirt computer to the clean experiment



Thermoelectric effects (DC measurements only)

Cu/Cu0 could give as much as 1 mV/deg
Thermally isolate terminals esp. when
LN2 vapors from the cryostat

Noise reduction down to nV possible

electrometer



To reduce vibrations from pumping lines

Yet another source of noise and heating/cooling in the mK range:
IT type superconductors as a soldering alloy SnPb
Excess heat when sweeping field up from B=0

Solution: In, silver paste where possible



Search for better lockins: Signal Recovery 7280 tested

0.95 [~ Signal Recovery 7260 A
i PAR 124 12 dB
SRS 830

0.90 |

T B I
0 1000

2000

t (s)
V vs. time, 1 nA on 1 kOhm metal film resistor

time constant 1 s f=7 Hz, Vgus=5, 9, and 15 nV for
Signal Recovery 7280, PAR 124 and SRS 830, respectively

M B
3000




Power spectra, averaged over octaves
almost 2 orders of magnitude difference between SRS 830
and Signal Recovery 7280 in a longtime (1h) stability

log noise power 1/Hz
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Search for better cables: triboelectricity vs. electromagnetic pick-up

different cables: triboelectric effect : voltage when cable bent

300 — —
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Paired- Parallel Digital Video Number of Pairs: 12 Total Mumber of Conductors: 259 AWG: 28 Stranding: 7x36 Conductor
B Material: TC - Tinned Copper Insulation Material Trade Name: Datalene® Insulation Material: FPE - Foam Polyethylene
8142 PD,F_,'}D %{L%% Outer Shield Material Trade Name: Beldfoil® Outer Shield Material: Aluminum Foil-Polyester Tape w/Shorting Fold TG -
@227 Tinned Copper Outer Jacket Material: PG - Polyinyl Chloride Plenum (¥/M): M Applications: Precision Yideo Cable for
Analog and Digital, Parallel Digital Wideo, Low-Capacitance Computer Cables for EIA RS-232 and ElA RS-485 Applications

n



Triboelectricity: results




Electromagnetic pick up @ 33 Hz

results for twisted pairs

however an order of magnitude stronger between wires

from different pairs!
try to avoid them mounting the samplelll



Solution: new, very quiet cables from NEW
(we already have their coaxes)
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Examples: better T stabilization

Lakeshore control heater/thermometer noise
before and after proper grounding

TekRun

b =]

Trig'd

G 34.20% :

o 500mV - R M20.0ms A Chl £ 360mVv-

Control thermometer waveform before
connecting current-source shield on
Lakeshore temperature controller and
platform thermometer current source

shields to racetrack ground, and replacing

coax with twisted pair.

Tek Run | f :

: ] Trig'd
A 9.92Hz A: 630mvV
@; 9.96 Hz @ —430mv

@ 500my R

After-from 500mK fluctuations to
sub mK temperature stability

S. Riggs, A. Migliori et al.



Avoiding grounding/noise

The following items are eritieal wo obtaining an optimam groumding syetem, stlerwise ground leops
wotld pack-ug sulstantin] bterfevence from transforimers asd magnet povwes supplies (60 He, 720 Hz
and harmonics)

Vibration isolate crvostat from magnet with
rghd support & cryostat X078 bl

Izalate the cryostat or the probe from the mag-
net and from pamping lines,

Use plastic clanps /o-rings.

Check with multimeter that resistonee he-
tween crvostat amd msgnet is high (before
arounding cryosiat)

Ensre tlat isolation trooslormer is grounded,
otherwise high Hoating vwlinge will be present
on ita chassis swd the instrumants.

Power all the jnstrumentation [but computer
and PR isalntor) from isclation transformer
Ground Ll ervestat and beeaking bo al te
snane ground bar.

Use twisted pair with shield, avaoid eonc on-
Iea,

Ensure that shiclds of all the cnhles are
grounded coly ou one side, wsnally oo tle

Dreaking box ok foops! they Rcranss nductinga?

Bam il Bumd: Ay
i e s e e g e el

Ieolate GPIE bus groand ssing National In-
atruments GPIB-1204 olator.  Use "noise
criwsh enrt” to check if you have proper groand-

ing without loops

£ P e i v e T = LR

Proper grounding seduces uwanted noise dea-
mtieally and improves temperature stability
Example  temperature: contraller waveforms » .
before and after proper grounding correspond
1o inprovernsent fromn 500 mi to sob ml tem- el —_
perature stakbality, . R

A
CAT P -

* im enso off gronndingnoie jmases contact Jon Inroszyiski 644 1175 jorossyGmngnet. fayedu

problems”

Noise
crash
cart

T qmick check your setup yon may use one of the
nolse crash earts, waually boeated in cell #7 or -
strumentation storage mom

Put clamup on the grounding eable of solaiion trans
[ormer {(or cryostal ) and compect i to the oscillo
scope. Sot the scope to, say, 2000 ms/div, 1 mV /div
If signial looks as & while poise with smplitude <
few milveolts, your set-up s properly. groundasd. For

spectml analy=s switch on FFT option .

FET|. It ground loops e absent, almost fist FET
wontld be seem. Oilerwise several chinractedstic e

quencies show ups 60 Hz (power lines, transform-
oga), 70480 He | IAETeeL DC o -;lippl_v iF o
and thelr havmonies. Still, if thek ..'I:II:I[Il“!.I-I'.".' o e
than a few hondreds microvolts (1pV comresponds
to 10 A gronmd curpent) it is [:ru|'m-|||_r a et of
capacitive plokadp, pot bad groond.  Additionally
you could see f = 8 Hz, 20 kHz, 500 kHz, 127
MHz, - 20 MHz, broad band from FM radio sand
TV, These lrequencies should be svolded in mea-
sumernerbs.

[ speot sotrreos of high frequency in the range
100 kHz - 2.9 GHz other then lstes] (for nstance
some UPSs, conputers) abowve yon may wse Pro-
tek 100kHz-29Chs RE Simal Strength Analyaer
Set the center frequency (eg.  set 100

ENTER |i. Then select the step, Measured spectrs

comskst of 100 steps: og. . set 1 MHz, L
anil for run. Protek will scan from 20 w0 1B
MH:

O nvise crash carts von could also find clampeon
Hall probse to messire DO cureent in ground cabskes,
voltage probes and preamplifiess to analyse signals
in vour circait, and laptops for data taking. Lmspor.
tastly. il these dnsdrimments coald be powered from
haiteries which makes it possible to avoid interfer-
onee from their power lines
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Examples

Noise @ 50 nA 150 nV p-p/10uV = 1.5%

45 5 ——————7————7—+— 17— 0 T T
4 =
> 18
C 35 o >
o LO 3.
o i QUL
e 25 N
I y —
o :c) i
C 15
- =50 nA . )
T C T T T |1=10 nA
D 2 4 5 B i " 51D....1|5....2|D....2|5....|....|.........l....

FQHE and RDNMR measurement in the hybrid (Jiang et al)
after better grounding



Examples: SCM1 problems cooling and noise problems

20 ————r—————7 77—
M I 5/3 FQHE 1
cooling problems? 800 |- .
o
2.5 ® T T T v T T X T T L
Identical piece of sample 131 7MSé-n , 400 - 1
Oct, 2003, SCM1 ] _
2.0+ Tnominal =20mK “
Jan, 2005, Princeton
G; Tnominal = 55mK i
% 12 Troming 1S the thermometer ’
g_ {reading. .
X7 3000
~ 1.0+ =)
% |
% 1Same p_ .
. 05_atB=0 4 3 v=2 4/3 | v=1_
2000
0.0 ¥ T T T I T T P o
0 1 2 3 4 5 6
B (T i
M 1000
Keji Lai et al.
O . . ] . . | | . . . |

13.5 15.0 16.5 18.0

Nathaniel Bishop et al.



Recent improvement in SCM1: proper grounding,
quiet cables, HF filters, better lockin

10 days/nights long hard work of our guests:
R. Bowers and G. Gusev

6 —
As RDNMR
4 — —_—
v=0.86
2
~~ 0 el A e "?“"‘\.'\?“%‘;w
>j_ W) U temperature sensor reading
~— -2 - -- base
> —— 20.85 mK
—— 30.81mK
< 44 —— 60.1mK
86.24
— 116mK
-6 —— 142mK
— 171 mK
-8 — Data recorded on SCM-1
C.R. Bowers and G.M. Gusev, June 2006

37.82 37.84 37.86 37.88 37.90 37.92
RF Frequency (MHz)



Other issues, ideas

WIN-SHIELD™ ERz EMI Shizidzl \Window Ferformance [Tygkal

g
|\ H

-high frequency interference in millikelvin bldg., hybrid
which are elevated and probably constitute good
resonance cavities for FM frequency which spoils NMR
and other HF experiments

solution: to shield windows with foil or mesh
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better lockins: Signhal Recovery (former PAR, E&G etc) Frequency ez
model 7280 tested, 7265 will be tested soon. Tests show
7280 is much better for sensitive measurements as RDNMR,
hoise measurements, etc

‘purchase small accessories as DC ground breakers for coaxes
ferrite clamp on, clamp on ground resistance meter for quick tests,
zippered cable shielding to reduce HF, electrostatic, vibration

‘preamps closer to experiment (cryogenic?)

-"universal” breaking boxes




