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Thermodynamics of nanostructures

at low temperatures.
How to measure temperature
by flipping a coin?

Maciej Zgirski
Institute of Physics of the Polish Academy of Sciences, MagTop, CoolPhon Group
Summer School: Ultrafast electronics meets quantum thermodynamics, ICTP Trieste, 22/09/2026
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Thermodynamics
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Thermodynamics is a discipline investigating
heat flows between two bodies arising from
the difference in temperature between them.
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Solution in a linear regime
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Thermodynamics at nanoscale

“Thermodynamic studies of mesoscopic devices have lagged far behind
the corresponding electrical and magnetic investigations. This dearth
can be attributed to a lack of fast, robust thermometers that can be
easily integrated with nanoscale structures.”

D.R. Schmidt, C.S. Yung, and A.N. Cleland

Nanoscale radio-frequency thermometry, Appl. Phys. Lett. 83, 1002 (2003)




Heat flows at nanoscale

1%\”1 (photon) ‘\rrf‘hyz (photon)

Electron-phonon coupling

oT e Hot electron diffusion
( 5x) ’ [ 5x) * Photon radiation
ﬂpe—p e Phonon emission
E j » Kapitza resistance across metal-
—— substrate interface
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hl/l (phonon) th (phonon)
NN > NN >

* Mainly investigations in steady states so far.

* Need to measure heat flows
in the dynamic thermal transients in the nanosecond regime.



Example: Electron-phonon coupling
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How to determine G, ?




(Fast) nanothermometry
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JJ: Dayem nanobridge
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Diffusive JJ: average transmission tau~0.75
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Superconducting bridge as a
temperature sensor

100

<
=
; T =16 mK
T=12K
i T=132K :
I R%=YOQ
.' ' V (mV).
0 -5 0 5 10

12



Icritical(l’lA)

120 &——6—
100 - s = A(T) tanh A(T)
- 2eR; 2k T
80 - —1 TR*| *
A(0)=1.76*k *T_
R, fit = 2.56Q
60 o _
. expected = 2.3Q
40 + ® 30nm thick Al nanobridge
—— Ambegaokar-Baratoff theory
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Fridge wiring
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Dynamics of a fictious particle
in a tilted washboard potential

/
E = —Ej(cosy+1—b;/)

p

Energy

v- superconducting phase

The oscillations of phase

correspond to oscillating current

across the junction.

The potential is tilted
with the bias current.

le=0 —
/ N
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M. Foltyn, M. Zgirski,
Gambling with Superconducting Fluctuations,
Phys. Rev. Applied 4, (2015)



IV curve
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Supercurrent . / -8
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I-V characteristics of JJ biased through Ry bias resistor. JJ supports 1
supercurrent only to certain level. On crossing the threshold value I i~ _R_ V + I (SWItChmg |In€)

I, finite voltage develops across JJ. b



Switching: Escape out of metastable state

v- superconducting phase N\,

Escape rate I' / lifetime in a metastable state t:

1
AU), Arrhenius law —=1

2.z kT r

4.2 w2 g1,

AU(S)—— E,(1=s) ", s=—, 0, =w




Switching measurements

. € 1o

Q. 0.5p---------

Current i, Q
<
ysa

----- 0.0.

Voltage V, i

b Apply N pulses

Measure VJ H “ I n switchings

M. Foltyn and M. Zgirski, Gambling with superconducting fluctuations, Phys. Rev. Appl. 4, 024002 (2015)

P=n/N




Switching measurements
of the junction

100 - e L |
50| ]
- ~ P=n/N
0T / T, =16 mK |
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Time
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Testing JJ with current pulses

/U\/K/\/\/\/\/\MA/T%
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Testing JJ with current pulses

lresT A
I0 --
TESTING
0 ~
Time
RESPONSE
0 >
1.0 [ Time
Q. 05!
O.O'—o—J -----
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Testing JJ with current pulses

ItesT A
Io.6"
TESTING
0 SWITCHED SWITCHED .)
ON OFF T|me
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Switching thermometry
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Counts, n

Temperature sensitivity

500mK 400mK

800mK
10000 F ' T l T ' T 1 J T | T
AT, =5mK

8000 -
6000

4000

2000 /

0 =1 i | P | | | | ] I i
38 40 42 44 46 48 50 52
I test( HA)
M. Zgirski, M. Foltyn, A. Naumoy, A. Savin and K. Norowski
Heat hunting in freezer: Direct measurement of quasiparticle diffusion in superconducting nanowire,
25

Phys. Rev. Appl. 14, 044024 (2020)



Switching probability map P(l
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Icritical(p‘ A)
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A(0)=1.76"k T
R, fit = 2.56Q
R, expected = 2.3Q

® 30nm thick Al nanobridge
—— Ambegaokar-Baratoff theory
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Flipping coin experiment

300

o)
o
o

number of experiments
o
o

10000 — — 1 [ experimental distribution]
" . / = binomial distribution
c ' { i
= :'
5000 {
i
0 '10'30'10525'10510' '
testing current (uA) .&nﬁ(Po( 1 —PD)N )0'5
(a)
4600 4700 4800 NPU4QUD 5000 5100

ns, number of switchings

Toss a coin 10000 times.

Count number of heads.

Again toss it 10000 times.

Did you get the same number of heads?

,, Statistical noise”:

Ang = \/Py(1 — Py)N =50 for N=10000 and P,=0.5 .

28



Tmperature Responsivity and
Noise-Equivalent Temperature (NET)

0.08F 140

Ang = /Py(1 — Py)N . o)
3 S
T 0.06 430 a‘

_1 @

AP An ~
AT, = (—) Ans 3 -
u AT, N a =
0.04 420 —
S -
Lid
=

NET= (AA—fQ)_1 JPo(1 = Py)

0.02+ 410

NET L
ATe un= ' '
' VN T, (K)

Example:

NET = 10 mK - \/cycle with N=10000 cycles

=> AT, ,,=100uK
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,Pump and probe”

Sets the temporal resolution !

/

Y= T 4ns—long testing pulse
) — -
51
-
O |'H / test
- > .
Delay T|me

4ns — long heating pulse

Addresses perfectly repeatable thermal processes
which can be initialized many times in the same initial conditions.

30



Sample
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M. Zgirski, M. Foltyn, A. Savin, K. Norowski, M. Meschke, J. Pekola,
Nanosecond thermometry with Josephson junctions,
Phys. Rev. Appl. 10, 044068 (2018)
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Monitoring relaxation
of the switching probability

4 6 8 10
Delay (us)

i T =800mK

[l " BATH

10

0.01 |

1E-3
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Quasiparticle lifetime
in superconducting aluminum

1000¢ ; -
2 Theory:
electron phonon cooling
[ Experiment (wire lengths L) :
100 —+ 800 um
' —=— 200 um
X —=— 180 um
10 *—90pum
w [ - 40 um
3 l.l.. 37 um
o b+ Literature:
& 1 # Ref. [25] - single point
C —o— Ref. [26]
- 30, o— Ref. [27]
Yoo s,
0.1 E —o—__ Ref. [28]
0.01——— — — —
0.0 0.3 0.6 0.9 1.2

1. K. Norowski, M. Foltyn ,A. Savin, M. Zgirski, Intrinsic Quasiparticle Lifetime in a
Superconducting Aluminum, Phys. Rev. B 113, 214512 (2026)



Two methods of temperature

measurement
Temperature Temperature
from Probability from Switching Current

T,.,=1100 mK

T, =350mK | .5
1T ~ AT, =25mK
=
g
= 08 S
o
[0
Q
=
L 06

0.4

Delay (us)



CODL
Diffusion of Quasiparticles (example 2)

M. Zgirski, M. Foltyn, A. Naumoy, A. Savin and K. Norowski
Heat hunting in freezer: Direct measurement of quasiparticle diffusion in superconducting nanowire,
Phys. Rev. Appl. 14, 044024 (2020)
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Trace of diffusing QPs recorded at the nanobridge...

t,=0s

8000 F— 7 — T T T T //I//"'I T T T T T LI B L L =
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I | 1
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=S I I
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3000 |- |
| a
2000 - | i
I W |
|
1000 V! i

[ ' 1 I [ I L /l}//llll Il IIIIIIII [ L1 1 1 111

0 20 40 100 1000 10000

Delay (ns)

M. Zgirski, M. Foltyn, A. Naumoy, A. Savin and K. Norowski
Heat hunting in freezer: Direct measurement of quasiparticle diffusion in superconducting nanowire, 36
Phys. Rev. Appl. 14, 044024 (2020)



...recalculated into excess electron

tem pe rature
I=
o | y—Delay
5 IH - >_|_
O -
At =10ns Time
Is it correct?
<X?> = D Typ= (60p1m)?
Delay (ns) =>D =100 cm?/s
Note: Expected: D =1/3 v¢l, ¢

- temporal delay between generation and sensing ~30ns, _5| - 15nm
I . mfp
- position of the maximum at delay = 300ns. 37



lOOuK resolution !l

112
bath (K)
0.65
0.7 Jo8 ~
——0.75 >
——0.8 g
I\m
{04 5
i 0.0
10 100 1000
Delay (ns)

38



Heat balance equation
dx

< >

) iIN/ CoR i_OUT
L—] —

0 ¢5L‘0dx
Pe,

IIN _|_R22 — Lep _l'IOUT - Ov(fl_z:
~ ~— " ——

Heat flow into Joule Heat conducted Heat flow out Increase of energy
volume Adx heating away through from volume Adx of quasiparticles
phonon channel




Heat balance equation

( 6Te C oT, ip T i
K — — - —
V ot ep
3
L ]
th — K a g 2
X =
E ' ' ' T T T T Z 1+
10" = 300mK -
F  phonon
E o Op = 1
— Ei _- E — ' : ' ; i
L4 107 3.,=Z (T-T5) ¥ 400 /
“ 5 = 1.8x10° Wim/K°} 3 o ] .
E 10°% Alurvin X i ] > 300__ s “ .
3 ;' % 200+ f. b *
g 10'F o ] = S ;s
@ numerical integral| 3 & 100+ o*
N} d = = low T analytical | - % ol _/.0 c (T>T)=yT
2t o ® I
100.2 04 06 08 10 12 14 < 0.5 1.0 1.5 2.0
T, (K) T.(K)




Teaser: Single Vortex Box (SVB)

300 nm leads

Vortex trap f
Dayem nanobridge
\%

Vortex electronics:
Monitoring and manipulation of vortices
with electric current and magnetic field.

41



Vortex is a topological object

current J
density

B magnetic flux lines

worisod xa1104
XILI0A LOLY 20U

a b

[[] superconductor
vortex in electron current

Figs taken from: https://ncatlab.org/nlab/show/superconductivity#Chapman00

42



G. Stan, S. B. Field, J. M. Martinis,
Phys. Rev. Lett. 92, 097003 (2004)

2.7 mT

54mT

9.0mT

) §

Nat.Comm. 8, 85 (2017)
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Can we harness it for an application?

44



Trapping and detection
of superconducting vortices

/ 300 nm leads
O\ T> TC T< TC
Vortex trap '
Dayem nanobridge k(

\ /JL ‘
Q A7 T{
Reset
pulse Testing
pulse
— sw(PzO 5)

1 000 cycles
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The presence of a vortex lowers [,

T,=400 mK, W= 1 pm

T
200

100

Time

Testing pulse

€| 5ns
2 ) 10 ns
-2 |
o | A
| [0 i Itesti
i B 80us
y v
Reset
pulse
1
10
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Single Vortex Box

B'<B,<B.<B"

Vortex trap

o

I = loxp

G(x)
G(x)

;
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Threshold field for a vortex entry

L LI L L | | T T T
16 - Experiment / Simulation A
(| @® / O Double box
14__ A / A Single box | ]T(DO
|| m / @ Nanowire B —
12 5 m — 1
10 H——1.7B . .
: I m | G.Stan, S. B. Field, J. M. Martinis,
c 3 || ——2.45B | Phys. Rev. Lett. 92, 097003 (2004)
Q 6
4 L
2 L
0_||’|I||||I||||I||||I||||I||||I||||I||||
0.0 0.5 1.0 1.9 2.0 2.5 3.0 3.5 4.0
W (um?) o
M. Foltyn, K. Norowski, M. Wyszynski, A. de Arruda, M. Milosevi¢, M.Zgirski y b
Probing confined vortices with a superconducting nanobridge,
Phys. Rev. Applied 19, 044073 (2023) w
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JJ Is sensitive to temperature

(< 8 | 200
100} 3 L : |
[ ' 5 \\\\
50} . - 150 \\
| ' i 100
50 \
Temperature (K)
0.0 0.2 0.4 0.6 0.8 1.0 1.2

o, (HA)

50+

-100F

Suppression of I_is a sign of dissipation !
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The presence of a vortex lowers [,

T,=400 mK, W= 1 pm

T
200

100

Time

Testing pulse

€| 5ns
2 ) 10 ns
-2 |
o | A
| [0 i Itesti
i B 80us
y v
Reset
pulse
1
10
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180

120

Let’s try to get rid of the vortex...

T,=400 mK, W= 1 pm

5ns
N

Current

T T T

|
1 I I ' lo|
|

10 ns

A
st

% e
’LE|_‘4O'MS
Y 1

Time

ﬁ\I swh i
| | E\ I;:Jelsszt
!
° 0
— |
|
. |
!
i |
|
¢ |
| |
'
\:

: i ol =0pA |
i E e/ =120 uA
4.4 4.6 4.8 5.0 | 5.2 | 5.4
B, (mT)

Lorentz
pulse

Testing pulse
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Get rid of the vortex...

5 ns Lorentz
5ns
Reset Delay 10ns
40us

180 T S

o T0—400 mK om— - - |

B, =46 mT

160 -
140 -

]
120_ IIIIIIIIII IR ST TR N TN TR NN NN NSNS TR SO SO N SN N S SN NN S
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GLsimulation
of the Single Vortex Box

H = 4.9 mT, J/J,, (H=0) = 0.00 I‘lI'I2

800
10.5

700

600

104

500

nm

400

300

200

100

0 200 400 600 8OO 1000 1200 1400 1600 1800 2000
nm

Freezing from normal state

M. Foltyn, K. Norowski, M. Wyszynski, A. de Arruda, M. Milosevi¢, M.Zgirski
Probing confined vortices with a superconducting nanobridge,
Phys. Rev. Applied 19, 044073 (2023)
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Vortex stability diagram

T, = 400 mK Ly (1A)

5ns
A 10 ns
,’0 i ? ns "test |
i ,Lil_ 40 i1s -
! | ime
170 y I >

v
Reset pulse [Y : Testing pulse
I 1

Current

i) 1]
Yiad
Lorentz pulse

160

B'< BO<B$< B"

B (mT)

I
— —
B (&)}
o o

130

5.5 = S S S B S S S B R R

150

150 100 -50 0 50 100
I (pA)

M. Foltyn, K. Norowski, A. Savin, M. Zgirski, Quantum thermodynamics
with a single superconducting vortex, Science Advances 10, eado4032 (2024)

55



Calorimetric detection of a single expelled vortex

0.6 __ Th(ISW| = 138 /J/A) ,;’r,

AQ=C,_, AT
AQ=4-101)
---> one visible photon

| B=4.4mT

| =132.3 A

g i
o 0.5
I\ B= 5ns
I
- O !OE ?ns
Sl
¥ ¥
L - Al | . 1
04 [ O 9 9 9 9 9990999900900000003500000%a0as000000a2000I S A -
T =400 mK |  T(lsun =176 pIA)
107 107 10 10° 10’
Delay (us)

M. Foltyn, K. Norowski, A. Savin, M. Zgirski, Quantum thermodynamics
with a single superconducting vortex, Science Advances 10, eado4032 (2024)
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How much energy does the vortex
expulsion dissipate?
Experiment:

AT = 250mK, AQ = C,, AT
AQ =4-10"1°) ---> one visible light photon

Theory: Viscous flow of the vortex
- vortex anihilates Cooper pairs as it moves across the Single Vortex Box,

- Lorentz force makes a work against the viscous force and the heat is
released,

N, = 8(E)QQA a
A =1.76kgT, (superconducting gap) !
I
1
AQ=N_ A =310} pr

M. Foltyn, K. Norowski, A. Savin, M. Zgirski, Quantum thermodynamics
with a single superconducting vortex, Science Advances (2024)
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Single Vortex Box (SVB) as a memory cell

Lorentz I
READ-OUT: I, checks the state. one Se test
Reset ‘M. 10ns
by To=400mK | l_l fous
I p 0~ AUUMN - - - - - deen
Wh== g =46mT _ g
sol | WRITE: The Lorentz pulse changes
S N |§5E_______ N logical state of the box: ,0” or,,1”.
i Constant Amplitude ] a” 10L | - & - i
140 |- Single-Shot Read-out i > o _
! Isz s ] — ;
d N — H-----O O 081 P ] i
5 4
L o] ® 1
(@) @
120_‘.|..1.\....|...,|....|....|....|.. 30.6— g —
150 -100 -50 O 50 100 150 - 9 _
I (HA) 3 04l / |
S &
For lieq: = lssr g | O ;
o 02 £ _
1. Bridge FOR SURE switches > &
if the vortex is present in the box, Eooop—o" :
> L | L | L | L
2. Bridge FOR SURE does not switch 105 106 107 108 109
if the box is ,,empty” I, (nA)
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WRITE-READ fidelity map

Let’s send N= 10000 sequences and measure the switching probability P

Igggg P- switching probability

COUNTS = 2000
. 10 000 8000
g €A 5ns
3 7000 g T_ 10 ns
v S| |
F 6000 Io| f 2 P
g- i I §|_ 40ps Ti
¢ ‘Ir i ime
g 5000 “Reset pulse ?: H Testing pulse
WRHE
3 4000 gy
2 | Lorentz pulse
2 3000 READ-out
m ]
2000 pulse
COUNTS 1000 LORENTZ
0 1 pulse

-150 -100 -50 0 50 100 150
Lorentz pulse amplitude (uA)

We can distinguish the state of the box in a single-shot measurement!

28-04-2025 59



WRITE operation of the SVB

STATE ,,0”:

Use LORENTZ pulse
to get rid of the vortex

STATE ,1”:
Use RESET pulse
to anneal the box

and trap the vortex

>

> |

O -

|

T

&

|

Expulsion
T ﬁ-

/V Cool-down

OR No change
#

\ gT+d'." —
L
[

L
— 1

OR

T>T.

-
[

No change
T #
I
i

Cool-down

—
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READ operation of the SVB

ﬂ—* ! ’
I e D

STATE 0 No change
Ireap
Expulsion /v Switching Cool-down
—_— T — \ §T+dT — >Te — T
1 1 1
STATE 1
V#0

Bridge switches only if vortex is in the box !!!
(vortex-driven switching)
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Stability of the vortex in magnetic field

3.5

'\J /Breset T=400mK

:‘*\""\ﬁ%‘

Protocol for testing the escape field B,

Y

Bo'l threshold for vortex

entry | in the field-cooled sample ‘."';.. - 1. Anneal the box at Breset>BO

2.5 | => vortex trapped in the box

2. Lower field below B,

|
|
|
2.0 I
, => vortex may escape
|
1F } - oo oo o 3. Come back to the initial field
é : o ™ 285V Bread—outzBreset
4 : 4. Perform the single-shot read-out to
g Bese | Beatch verify the presence of the vortex in the
> : box
|
|

0 oo 0o o 0o
I Bread—out:Braset:O'o75

0.050 0:075 0.100 0.125 0.150

magnetic field(A)
: 62




Diode effect

180 F o ]
- I Il I, I
160 | .
L]
°
2 140 :
=
s
-0 120
2
~’ 100 | i
» Positive Testing pulse (/ =0 pA) ]
80 - .= Negative Testing pulse (/| = 0 uA)]
. * Positive oo 1
60 .+ Negative .
! 1 1 ! . ! 1 1 1
L1 4.4 46 48 5.0 52 54 56 5.8
-200 -150 -100 50 0 50 100 150 200
B, (mT)

I, (1)
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"SW (MA

180

160

Vortex thermometry

RS LLLLLLLLELLLL

B =474 mT

AT =10 mK

140 T, =300 mK
= 7, =400 mK
120 -
100 L T,=700 mK
T.=800 mK
80 = | | | | | | | | | 10 m
-200 -150 -100 -50 0 50 1 pD 150 200

I (WA
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I (B)/1(B=0)

A single vortex detection

10 I, (B=0) =145 uA

/"

SR : AR S
v ot AN
'\
¥
}
10

GL simulations by the theory group
of prof. M. MiloSevi¢
from Univ. Of Antwerp
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Single Vortex Box as QPs trap

< 4ns — long testing pulse

IH / test \

R S

Delay Time
4ns — long heating pulse

Supérf’evw M. Zgirski, ,Quasiparticle creation and annihilation using a single superconducting vortex” CoOdL



Sample design: M.Zgirski; Sample fabrication: J.Peltonen, Aalto Univ., Finland
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Reference response of the QPs detector
(No heating)

i Hr=soomk T
Suppression of | e

in magnetic field.

112 b

B\’
Ier(B) = Igo (1 - (B—O) ) HO |
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ol . oo
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M. Foltyn, K. Norowski, J. Peltonen, A. Savin, M.Zgirski,
Caloritronics with a single superconducting vortex, in preparation



Single vortex absorbs QPs
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Caloritronics with a single superconducting vortex, in preparation
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Single vortex absorbs QPs
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due to hot QPs
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Phonon emission channel
in an insulating substrate

Heater




Are phonons ballistic or diffusive?

Heater
VI y
Temperature L)
X 1 y 4
High Low

Phonons:
-ballistic,

-diffusive,
-bulk,

-surface.
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« thermal trace Ty, =300mK
0,8 £ % ballistic phonon arrival -
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= 06} -
O
M
O
o
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V.=5850m/s (speed of sound in Si, transversal wave), t=300um, d=3um

Vs Unpublished
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Quantum thermodynamics

Single electronic channel
heat transfer

Black body radiation on chip
N

Single phonon heat transfer
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RF on-chip thermometry

V+
Reflectometry >
<
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Heating due to a phase slip (example 2)
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Thermal imaging of edge states
in graphene (example 1)

D. Halbertal, et al., Nanoscale thermal imaging of dissipation in quantum systems,
Nature 539, 407 (2016)
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Viscous interpretation of pair breaking

6.2.2 Depinning Critical Current Density

power dissipation during vortex motion: ¥ (x, )]

a. pair breaking and recombination:

refcombination pair breaking

- in front of flux-line: || decreases > "X
v
—> pairs have to break up i O
- pair breaking due to absorption of phonons: NAVAVAS Cb

© Walther-Meiner-Institut (2004 - 2022)

- behind the flux-line: || increases

— recombination of pairs by phonon emission: AN\ %

R. Gross and A. Marx,

- finite phonon lifetime delays thermal equilibrium:
irreversible process -2 friction, viscous flow

- electric energy is transferred to heat

www.wmi.badw.de Superconductivity and Low Temperature Physics | Chapter 6/RG 80

Source: Lecture Notes, Winter Semester 2021/2022, R. Gross, © WaIther-MeiBner-Instgjgut



Thermal relaxation of
superconducting wire
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Metastable state of the junction

N

P=1*V, dissipated power,

normal metal behavior above the gap

ESCAPE

-2\/e \

Non-zero voltage state

>

2Ne V

\ Superconducting | flows, but V=0 =>P=0
branch

due to tunnelling
of single Cooper pairs




RCSJ model

(Resistively and Capacitively Shunted Junction)

i C R, (I



RCSJ model

I, =15 +1 +IJJ:E+C%—t+I -Sin y

1
2nd Josephson formula 7 = (D—'V
0
(90
I, R;/+Cgo07/+l o, Siny
:Cgpoz ) Cooz( IO )1;’2)3):@_02,Q0: a)O :Rcw07k:¢010: J
C-p, R b/ m
[ X ] a) o ] I
y+—Ly+a, (siny—-2)=0
Qo l,

It looks like harmonic oscillator,

but now restoring force is not - ky (as in the Hook’s law), but:

F=—k(sin7/— ):

E = +kj'(sin y —I—b)dy =—E, (cosy + :—by) tilted washboard potential
0

0



5w (LA)
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T=300mK B=0:057:6.9mT

QPs diffusion in magnetic field

Suppression of |

- in magnetic field,

- due to hot QPs
arriving from the heater.



Thermal vs. ,,quasiparticle” approach

Thermodynamical approach => QPs
are described with an equilibrium
distribution (Fermi-Dirac function),
The quantity under study is

TEMPERATURE

0 oT, oT, ri?

ox 0x ot P A
Parameters:

Kk —electron thermal conductivity,
C, — electron heat capacity,
P.,-electron-phonon power flow

Microscopic approach => QPs are not populated
according to Fermi-Dirac;

The quantity under study should be n(E),

but often itis justn_

2 . 2 . —(x—x\i,)z/lv2 .
DV*n, —Iwng, +7, —L,n e =0
Phys. Rev. Lett. 113, 117002 (2014)

DV’n—In®+(l/e)g(x)=0
Phys. Rev. B 58, 8225 (1998)
Parameters:
recombination rates I,
diffussion constant D

should be in principle E-dependent,
If not, we get a simplified
phenomenological equation



Quasiparticle annihilation

Heater Thermometer

Sample design: M.Zgirski; Sample fabrication:—J.PeItonen, Aalto Univ., Finland
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AT[mK]
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Quasiparticle annihilation

100 ns 10ns
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¥ Unpublished.
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Steady state suppression

100 ps 10ns
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