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 Low pressure

« High Vacuum



1ISO 3529-1:1981

Low (rough) vacuum: 10° to 10* Pa
Medium vacuum: 10* to 107! Pa
High vacuum (HV): 107! to 10~* Pa
Very high vacuum (VHV): 10~* to 1077 Pa
Ultra high vacuum (UHV): 1077 to 1071 Pa

Extremely high vacuum (XHV): below 107%° Pa

% 1 atm = 760 Torr = 1.033 kgf/cm? = 14.7 psi = 1013 mbar = 1013 hPa



Beam-gas interactions

Type of affected beam particles

Inelastic Bremsstrahlung
Ionisation energy loss
Electron capture
Electron loss
Nuclear reactions

Elastic Single Coulomb scattering

Multiple Coulomb scattering

Gas ionisation
Space charge lon cloud space charge

Electron cloud space charge

e, e

All particles

Low energy A*, A“*
AT, A7, A“T

All particles

All particles

AZ+, p

Negatively charged beams

Positively charged beams
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EXPERIMENT

Contamination forms on a clean multilayer surface (left) when EUV photons react with gases (center), resulting in carbonaceous deposits (right).
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= Synchrotron radiation (SR) °©|2t?
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@ An accelerated charged particle emits electro-magnetic
radiation.

@ The radiation fields are given by

—~ o - 5 s ¢: Scalar potential
E:_EA_V¢ B=VxA A: Vector potential
Here the retarded Lienard-Wiechert potentials are given by
A A Il B i B = ‘— v : velocity, ¢ : speed of light
A(t) — — = . Observer
47[80C_R(1_H'ﬂ)_ret = _B/R R(,,) ‘
Charged particle
$lo) = | ——
dzey| Rl—n-p) |

where R(t,,) is the distance vector form source to observer,
and t_, isthe retarded time ct,,, =ct— R(¢.,)

ret



Q Electric and magnetic fields are finally given by

B=1th]
C
4 I Y4 - N oo )
ale [1=p)a-p)| || _e |axla-g)xp
dre ( R(-n-gf || |47ec| Rya B |,
. J L J
Coulomb field Radiation field
oc 1/R? oc 1/R

Observer

Q At points far from s_B/r R

emlttlng pOII’]t, the Charged particle
radiation field (oc 1/R) IS
more important.

Clog = cl— R(Irw)



Q Power of radiation per unit solid angle

@ Pointing vector = Radiation energy flow toward R per unit
area.

—

$()=—"ExB="F@-§-0)i] =ecE(-j @)

ret

ret

Then, the instantaneous differential radiation power per unit

solid angle is

ret



Q@ Beaming . ,
Y. ol 10 £ dP  &p sin” @
& If pis parallel to 5 dQ 167°¢yc (1- fcosO)

dP _ e’ (1-pcosd) —(1—,6?2)3in2 0
) 167°¢,c (1- Bcosd)

a If gis orthogonal to B

When g ~1, (1—,6(:036’)5 — 0 for 8 — 0, then the power
beams to the front of orbit.

— Beaming

Particle orbit

-
e
—

Acceleration «—y\T}

-
-
——

Q Anigle of Igeamir(lg dis given by
p

1p E E [MeV Electric line
- R,‘ER J‘;,zv—‘ébsgpwlr of force

DSTT

Charged pjfticle

=

(a) p<<I



Q Beaming

BB

E=0.551 MeV

E=25MeV

E=5.0MeV




Q@ Now, consider a charged particle in homogeneous field B.
Q@ The acceleration in Bis given by

2
= C }2
= ﬁ— my = m Centripetal force
P P
where the bending radius of charged particle, p, at energy E, is
2
1 eBc _ 0.2998 B|T] . my _ mc :* _Ep
plm| pE, PE. [GeV] eB eBc® eBc
Larmor radius
Then the instantan radiation power becomes T
2crm.c” [
P: e e :
3 (For electrons)
1
C,="" Tt _—885x10° ——
3 (H}'ECZ)Z GeV

€

I = >
4re,m,c



Q Mass dependence of power

@ Radiation power depends on the mass of the radiating
particle like 1/m*. For protons and electrons of the same

total energy. ,
P
2 = {m J =8.8x107"

P \m,
Q Synchrotron radiation is much more important for electron
and positron ring.

@ Note that, for superconducting system, such as LHC, the SR
IS Important even proton beams, since the heating might
have a significant effect to the cryogenics system.

Q Hereafter, we consider the case of an electron or a positron
deflected by a dipole magnet.



Q Total power

@ The radiation along a ring per electron is

C 11 =
U, =§Pdt=—7—Ej§{ 4 Zst
o Fx Py cdt = ds
For an isomagnetic magnetic field (o = const.),
E4
Uy=C,==  $ds=2zp
P
For a circulating beam current I, the total radiation power P, is
I E I
Be':UOx_e:C}’ ex -
e n e
E [GeV]*

P,[W]=8.85x10* I[A]=2.65x10* E[GeV] B[T]L,[A]

p [m]



Q Total power

a The total radiation power Ring

I EY T 6 Circumferenc
PIe = Uo X — = C}, E 58
e p e
E [GeV]*

P [W]=28.85x10" I[A]=2.65x10*E[GeV] B[T]/ [A]

p[m]

@ The average power line density along the
ring is obtained by

D =B HC

le line
@ The power in an angle of ¢

P.(p)=P, -~
27T




Q@ Frequency spectrum of power

Q@ Frequency spectrum is obtained by Furrier transform of E(?).

E(w

dQ)

)= 5= E0)

e:’m! dt

dW d | |
aw _ j i(;)dt Ju—ﬂ’cj_m(mz?)2 dt = EL‘?

dP

P

RE(w

Q@ The frequency spectrum of power Is given by

d’w _ 1 (RE(a;))Z= 1

dQdo  p,c

2
e

. 167°¢,c

-[+I:;:-
—a0

27, C

x| (- B)< |

N

(1-5-Bf

ret

e

:‘a{ r'+¥] dr'

[ (RE)e drr

—=¢,cE’R*
dq

)‘zda)

ref



Q The spatial and spectral energy distribution per unit
frequency and solid angle is
d’W e” 500
- —K F(&,6
dQdw 167z3eoc}/ o ) Flc.9)

C

la)
2w,

=

i+r20°)° F(§,9)E(1+y292)2[1+ s Kss(g)}

1+72€2 K22/3(é:)
where K,(¢&) is the modified Bessel function,

cayd
and [a) s%"y is the critical frequency.
2

<

The frequency that
halves the total energy Charged particle

/R Observer
e ———— —>
¢/

i



Q The photon number (photon flux) with a beam current I, per
unit solid angle and frequency is given by
h

d*N 2 2 .
ph.le — d BE 1 — d W IE 1 N ;:rhh{ff) =1 h =
dA(do/w) dQdoh dldw e h 27

Plank’s constant

Q@ The spatial and spectral photon flux distribution per unit
solid angle and band width (Brightness) is given

3a 2 |
d Nph,le (D (.32

=C,E'Il,— K, ;( ) F(£,0) a= =7.297x10°
dfdy (do | w) ot Cz 4re hic N
Ine-structure
Ca:n = 2 S 2y 2 :13255X1022 pl;DtOHSE constant
Ar”e(m,c”) srad® GeV° A
~1.3255x10" e

s mrad” GeV’ A 0.1%bandwidth
Q A key parameter of light (photon) sources.



Brightness

Q@ Example of Brightness

Q Critical energy

110" l ExamPIe of Supelr KEKB 3 hC)/3
I=36A &, =— =ho,
1x10'* | o=78 m 2 P
E =4 GeV ; -
1 ' e £ [6V]=2218%10° x Zulte Y
1x10 . y="7828 :
! @ =2.77E18 Hz plm]
1x10" 1 % & =182 keV =0.665x10° x £, [GeV]* B[T]
|
|

E‘=2Gc\}
1x10'? | y=3914 @ Mean photon energy
@, =3.46E17 Hy 3
1x10"" | £ =023 kev | <5>= &,
; : 15V3
x10'” L — ' a Total photon flux
110 1x10 1x10° 1x10° 1x10°
Photon Energy [eV] N = 15‘/§ Ptot
ph— g ¢

G



Q Important formula from practical view point as a summary

Q Total power along a ring:
E. [GeV]'

p[m]
Q Total photon numbers along a ring:

P [W]=8.85x10" I [A]=2.65x10* E[GeVT B[T]L,[A]

N . =808x10"1 [A]E [GeV] [photons/s]

ph.le 2

Q Critical energy:
E [GeVT]
p[m]

£ [eV]=2.218x10° x =0.665x10° x £, [GeV] B[T]

@ Beaming angle:



Q Effects of SR on vacuum system

Q Thermal load
aWhen the SR hit the surface, it deposits 7.
the power on it.

— Heat up beam pipe, damage beam pipes Heat
by heating and thermal stress.

Q Gas load

o When the SR hit the surface, it desorbs  ~%, Molecules
the gas molecules on it.
= Increase pressure, reduce beam lifetime,

Increase background noise.
Q Emission of electrons 4

2 When the SR hit the surface, it emits L €
electrons (photoelectrons) from it.
= Enhance the forming of the electron cloud,

leads to the electron cloud instabilities.



Q Estimation of heat load
@ Total power along the ring 4
P =88.4x10°E [GeV]' x I [A]/ plm] [W]¥%

@ Average power line density (SR power per 1 m
along the ring)

(P, ) =88.4x10° E,[GeV]* x L[A]/ plm]/ C[m] [W/m]

le,line

For example, if E,=4GeV, I[,=3.6A, p=74m, C= 2000 m (arc)
SuperKEKB positron ring

(P, ) =88.4x10° x 4" x 2.6/74/ 2000 = 550 W/m

The power density is sufficiently high to melt metals if no
cooling is prepared in vacuum.



Q@ The heat load has actually a distribution along the ring.

@ The sources (emitting points) are in bending magnets.
Q Then the maximum power density is more important than

the average one.
Beam
= Example of SuperKEKB

S

Average power line density

—_—
I

SR Power Line Density [kW m™']

~0.6 kW m™!
- e e e e e e e Peak power line density
: U 2.3 kW m-!
0 10 20 30 40 S50 60 70 8  For auniform beam pipe, the
Position along ring [m] heat load has maximum In the
u:8 e Ny
0T e ——, bending magnets, and decrease

Most of power are deposﬂed at the dlrectly |rrad|ated points gradually at down stream side.



Q@ Dependence of the SR power line density on the distance

from the emitting point to the hitting point, R, and the

T T T

Incident angle, &, to the surface. . =m

s

Y

@ Power line density, P,,. [W mm], is o7
Important in evaluating temperature
and thermal stress.

SR Power Line Density [kW m™']

Beam

[»o

- Power ire :m'][ B Photon Ire

deraity

]

Radius  p Distance from emitting
point to irradiated point

0. Im

P.ocl1/R P

line

(inside of magnet) line

Almost constant in a magnet for SR
emitted in the same magnet (¢, R~const.)

(outside of magnet)

oc1/1‘3x¢91.oc1/1’?2

[ LW s suojoyd] Aysusq eur] uojoyd




Q For the power area density, the vertical spread angle of 2/y
should be taken into account.

@ Power area density, P, [W mm™2], is key especially in

evaluating thermal stress..

t (height or width) »~
Radius P o P ;V/R

areda line

— — — — — — — — — — — — — — — —

Im

P
TREH Earea
Almost constant in a magnet for SR (outside ofmagnet)

emitted in the same magnet (&, R~const.)




Q Basic principle: Receive SR at specific places (photon stops)
with cooling system at large R and small 6.

Q@ There are two ways.

(1) Distributed photon stops (photon masks)

2 Small photon stops enough to make short shadow
Photon stop

Heat load ::
. | [ ]

—
-y Ty Ty Ty

— -y
Beam pipe = ——_, -

(2) Localized photon stops

@ Large photon stops to make long shadow, and localize loads
Photon stop

Heat |oad( \_\iL )

Beam pipe =

ﬁ Eeam




Q Effect of the gas load

Q@ Energy loss due to the scattering with the residual gases
= Particle loss = Shorten life time.
Q Lost particles also increase in the background noise of
detectors and can be a cause of radiation.
Q@ Beam life time, 7, is definedas [, =1, e -
I, : Beam current

| | "
i Z (O'B(Zj ) + Z!-O'_H T O0p (Zf L, :Initial beam current
i

T r: Life time

Here, o o0),,and o, are the cross sections of major three
Interaction processes with gas molecules.

Q The life time Is In proportion to the pressure, p, I.e., gas load.

(2)Moller scattering (with electrons outside nuclei)
(3) Bremsstrahlung by nuclei

X-ray




Q Effect of photoelectrons

Q@ The SR hitting on the inner surface emits electrons

= Photoelectrons (touched later again)

The photon energy is sufficiently high to emit electrons
(photoelectrons) from material surfaces, where the work

functions are a few eV.

@ The electrons hitting the surface desorb the molecules from
the surface, since they have also sufficiently high energies.

= Electron stimulated gas desorption, ESD
Q Itis said that most of PSD come from ESD.

photoelectrons ESD
Molecules

VALV



Q@ Number of gas molecules emitted by one photon
= Photon stimulated gas desorption rate 4, Molecules
(7 [molecules photon-])

@ Major gases are Hydrogen (H,). Carbon mono-
oxide (CO). carbon double-oxide (CO,), after

usual baking.
1E-07 e
n H,
= |
CU 1E-08 : nco
@ g CH,
c% | ' H0 n
(O 1E-09 |
D E
) 'r
el
-g 1E-10 J
o w h WM hm | HMW G. Y. Hsiung et al.
= | m—LJVSTA12 (1994) 1631
LB
0 10 20 30 40 50

— R mle



Q Energy dependence
17 increase with the incident photon energy (critical energy)
since the deposit energy increases.

1073 —_—— :
- Electrodeposited Cu |H2~
Unbaked CQo2

DESORPTION YIELD (mol/photon)

1_5 . , )
0 10 100 1000 J. Gomez-Goni, et al.,

CRITICAL ENERGY (eV) VT Note 93-1, CERN

Fig. 10 Fits of the photon induced desorption yields as a function of the
photon critical energy for electrodeposited Copper.




Q@ Angle dependence
The shallower the incident angle is, the larger the 7 is.
A rough surface can decrease 7.

2.75¢

2.5} B. A. Trickett et al.,

2,25} Photocurrent /) weber onatocurrent |
(phOtOEIBCtrOnS) . Tax-Sestrption :::d:m'jr‘:; ;ﬂ:e:: Ufﬁa:;n:::ewr::ﬂ: -::‘n

2t multaneous recording of the photoelec-

i ooshad  pradicied tron current. The dashed curve illus-

curve  fluorescence trates the predicted photon flux arising

! Fi e from fluorescence. All data normalized
rd &

s to the response at normal incidence.
&

| f”f Incident photon
1.25¢ e F ) f G as .
ot - sl - b
desorption

i 1 i i 'l i i i £ S Y T——T - i
o (1] 20 10 40 50 60 [ o N

Absorber angle & (deg.) Substrate

Normalized response

Vacuum

Q Note: If the surface is smooth and the incident angle is
shallow, the reflection of SR should be taken into account.



Q Aging (Scrubbing)

Q@ 77 decreases with integrated photon number (photon dose, D)
= Beam aging or scrubbing

@ Typical values of 7 at the beginning (before SR irradiation are
103 ~10~¢ molecules/photon. » decreases down to ~ 10" after
sufficient aging.

0
10° f

Q77 decreases as
1 o D—1~—O.6

aln designing the vacuum
system, the 7 of 1x10-°
~ 1x10-° molecules
photon-' are assumed
expecting the aging
effect.

2 gt
107 § = ===
3
s
E

107 o e

[molecules/photon]

lo" — et Brarens B oo e o> by e ——— - ————————
et —— .- - p— - e

S S S — e tte . 0t ——— ——are ——— . e seed

s ——— i ae s P - @ s e ® @ 00 SR S S - et ol

4

Phot-desorption coefficient (7)

10" 10" 10" 10°° 10°*' 10*?

Photon dose [photons/m] Y. Suetsugu, KEK



Q Basic principle: Prepare pumps at places where photons
are Irradiated.

Q There are two ways to treat gas load:
(1) Distributed pumping
Q@ Works well with the distributed photon stops.

Gas load Photon stop

] e D
- -

Beam piEe = o
Pumps
(2) Localized pumping
@ Works well with the localized photon stops (reasonable way)

Photon stop

Gas load _T,,// \_‘i_ i
¥




Q Consider again the previous case.

Q If localized pumps are used as below, and
the thermal gas desorption is ignored, a
lower average pressure Is obtained
compared to the case of distributed
pumping with smaller pumping speeds.

Distributed pumping | No thermal gas desorption

—

Gas desorption rate [Pam®s ' m™

5x10”

S
x
—
S
<

X107 |

2107 |

1x107 T

Photon line density [photons/m/s]

0 10 20 30 40 5 60 70 80
Position along ring (m)

Localized pumping

Thermal gas desorplion rate = 0

I —e—gas [Pa m3/s/m] ] | [ —O-Pres:sure[Pa] ]

. Distributed pumps

Pressure SE 16107

0.11 m*s!'m!
410
------------------- 2107

. 0

0 5 10 15 20 25 30

d[m]
VIR BVe. ¢ . Y = e W TR W 2o

Average pressure = 2.3x107 Pa

110°

{8107

[ed] inssaiy

Gas desorption rate [Pa m’s l]

S desorption rate = 0

5x107 — 110°

[-"933 [Pa mslslm] | [—D—Pressure[Pa]]
ax10” | : ’ 0’
S=02m®s! 1.0mds! 0.2mIs o

3x107 | | U’ G 6107 3
Photon stop+ 3
Pum S
2X'|0.7 L ! p 4 10'7 ?
@L Pressure =

1), ] R S— - -~ voniS 10"

Gas load

0

d[m]
s R e .

Average pressure = 2.0x10-7 Pa



L of (Effect of SR on the performance of accelerator)

= Heat load
= Heat up beam pipe, damage beam pipes by heating and stress.
= Install proper photon stops at proper locations.
= Design to decrease power density.
= Use materials for the photon stops with high thermal strength.

= Gas load

* Increase pressure, reduce beam lifetime, increase background noise.

= Install vacuum pumps at proper locations and prepare sufficient pumping
speed, following the photon stops scheme.

= Decrease contamination on the surface of beam pipes.
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9O :
g \—O 1 Chamber
- 7 2 High Vac. Pump
o nius 3a Roughing Pump
L A= 3b Foreline Pump
4 S 4  Hi-Vac. Valve

5 Roughing Valve
6 Foreline Valve

7 Vent Valve
8
9

Roughing Gauge
High Vac. Gauge

%‘Q FHE"




= d(PV)/dt=Q — PS,

If Q=0: dP/dt = -P(S./V) = -Plz
> P =Pt

(=V/IS)= Hi 7| A e| A7t =2 S7H0| IE & At=9

=7t f 2722 12 BO{X|= G| Z2|l= A|ZHO| LY.
If 0>0: dP/dt = O/ - P/
> P = QfS + (Po-QfSerr)e
> (P-QfSe)/(Py-Q/fSes) = €7



Pressure (Torr)

Z1=s Ui (2 TIA])

VolumelitGas
< (&)

|
"1 1F 10 16 10"

Time (seconds)

T
10"

I1?

10

d(PV)/dt = Q — PS¢

If QK1

dP/dt = -P(S.4/V) = -Plt
> P=Pet



Pressure (Torr)

Z1=s Ui (2 TIA])

VolumelitGas
< (&)

.

i

' g 168 100 16° 10"
Time (seconds)

T
10"

I1?

10



zI Wl (RS

(quasi-steady state)

 d(PV)/dt =0 = Q, — PS,

» P=Q./S

» For surface desorption

Q=Q,tt D Poctt




a0 EFXF ool [P Chiggiato, IVC-16 (2004)]
AL =1 =

Single desorption energy: pressure evolution without repumping

quantity of
— . gas leaving
variation o Ly h rf
the guantity of 1 the surface
gas in the gas
phase d@
- = quantity of
df [ gas removed
by the pump
S
N _t
Pityz=—=—e ™ for t>1,
ST,
°
o ©
._./ o/ ®
i e — The solution is plotted for:
(®= fraction of sites occupied V=10 ¢, S=10 ¢ /s, N.=2245x3x10-> Torr /

The total number of sites is assumed to
be ~1015 cm2-> 3x10° Torr | s'icm2 and different energies



0.0001 §

0.00001 }

1.7 109}

1.7 107}

T=296K
75 eV N _t
P(ty=—=—e ™
8 eV S-7,
e Envelop ~ 1/t
9 eV /
0.95 eV '
L
\ V
10 100 1000 10000

Pumping Time [s]

DOS

H,O

Desorption energy



Pressure (Torr)

Surface Desorption

’1

A
1 16 10 16 10"
Time (seconds)

o
10"

I1?

10



Pressure (Torr)

Surface Desorption

()

i

U‘

I

|

.

i *

1_‘

' g 168 100 168 10"

Time (seconds)

10

I1?

10



zIF Hl| (ot

(quasi-steady state)

= d(PV)/dt= 0= Q,— PS,

» P=Q./S

= For bulk diffusion

Qs:QOt -0.5 > P t'0'5




Diffusion Limited Model (DLM)
— Concentration gradient

oc

q(1) o —

ox

Recombination Limited Model (RLM)
— Concentration on the surface

q(t) o« csl

D Ziar "Hiz= 33l [P Chiggiato, IVC-16 (2004)]

« Solution of diffusion equation for slab (DLM)

=
x 1 2 4 Al L>>(Dt)0->
5 D Oc(x.t) _ Oc(x.1) (e 1) b _
a:rz af Q(t) - _D = 0 ot 0.5
I.C. ¢(x.0)=c 0x |0 Jr-D-t
B.C. C(i£j)zc Dt>0.05 L2
b ; W A B b F' |
> g~ (Co Cw) exp _ 2 m
L_LJ X 7 2

* For arbitrary thermal cycle (thermal history)

- - Fourier number

Iy
D(T)-dr
4+(CD—CW]+D . !; @)

qx— exp|l -7 -
q 7 P| =7 IZ P

0 I2

TD(T) . dt




Standard diffusion theory 2-step model : 1.E-03
B I YT - Jt

Qface(t) = A 4D t j<

- 1.E-05
—Coe T fort > 0.57 E
\ h o
o

C, = initial diffusant concentration, g 1.£06

o —t
D= diffusion coefficient, LE07 e

h= sample thickness
1.E-08

h2 1.E-01 1.E+00 1.E+01 1.6402
2D Elapsed Time [hours]

T =



Pressure (Torr)

| (ZorE

[ |
U‘
| N Diffusion
. (7 )
' vt
N
I8
I
3] .
L)
19
"1 1 10 16 10" 10 10

Time (seconds)

17



I ui| (O

o Diffusion

(v)
* ?

DT
-

— o~

'@ 16 100 16 10" 10 10
Time (seconds)

> 10"



Z1=s U] (=)

(quasi-steady state)

.WZO:QS_PSeﬁ

= P= Qs/Seff

* For permeation

Q.=const. > P = const.



Pressure (Torr)

Sok (ZI "l 7)

10+1

1 Volume Gas (Air)
10 ( e kt )

3
10 Surface1Desorption (H;0)

-5 1
10 - ( t )
107 I~ E()iﬂL_llsio)n (Hy)
10° " vt

11 Permeation
10 (H,)

13 e
10 .

100 10° 100 10’ 10° 10" 10" 10'° 10
Time (seconds)

9o 09

=

/.

;

%

/ Vacuum

—o0—oeoe O

®
Bulk

Permeation °

%

Air



ZIge| Bl

* Throughput mechanisms:

* Positive displacement: Molecules are compressed into a smaller
volume, raising the pressure

- Momentum transfer: Molecules are given a preferred direction by
very fast moving surfaces or oil molecules

» Capture mechanisms:

« Chemical combination: Molecules react with active metal surfaces
and are converted to a solid

« Condensation: Molecules land on a very cold surface and freeze
Into a solid

« Adsorption: Molecules land on a surface and remain there

« Absorption: Molecules land on a surface and dissolve into the
bulk material

» lonization & burial: Molecules are ionized and accelerated into a
surface with enough energy to burrow in
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| Ultra-high Vacuum |

High Vacuum Middle Vacuum Low Vacuum
Rotary Vane
Roots Blower
Cryosorption
Turbomolecular
Diffusion
Cryogenic
Sputterion
-t °r 1 |
10-12 10 10° 1073 1 10°

Pressure (mbar) .

Atmospheric pressure



¥ 1Z 3= (Rotary Vane Pump)

Exhaust  Inle Positive displacement

"~ stator B
~-rotor A

Typical pumping speed curve

25
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( N Sk
103 102 10" 1 10 102 10°
DS 42 Agilent Pressure (mbar)
c d ( gilent)

compression exhaust 50 Hz 80 Hz



ANZAE &= (Scroll Pump)

Positive displacement

Typical pumping speed curve
_:10 i i-llll ——FHHH!
% =]
-0.01 0.10 1 - {mbar1}0 100 1000

[Wikipedia]



https://en.wikipedia.org/wiki/File:Two_moving_spirals_scroll_pump.gif
http://www.google.co.kr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi73uXGn-fLAhXiK6YKHUUmClwQjRwIBw&url=http://www.acclontechnologies.com/nxds-dry-scroll-pump/&bvm=bv.117868183,d.dGY&psig=AFQjCNGaPI12UsPMCi0cXJ4f2-ycFNKuRA&ust=1459386954355534

(Dry pump)

[Kurt J. Lesker |
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ZtatE = (Diffusion pump)

Momentum transfer

Intake Port

Top

"
N
\ i cooling

o colls

QTO Chamber

1 o
o Discharge
, Port

Oil Vapor

Pressure
about

1.5 Tomr




E{2EAE = (Turbo Molecular Pump: TMP)

= Operate in the molecular flow regime Momentum transfer

_ el
G ] "%:. i
Ay

= Operating range 102 to 10-10 Torr

. .
= Pumping speed 10 to 10,000 I/s N !
\J2 = -8
o . . . \ | ,;//// /,l’ 1% & ‘. ~ 5 7 | y \ 2
= Infinite pumping capacity e T
v _ :' i ¥ /,-/ ///J Sl

90,000 rpm (mechanically vulnerable)

= Blade rotation speed ranges from 14,000 to " Vig& | Z&y




Vacuum side

E{=2EAI& == (Turbo Molecular Pump: TMP)

“Stators redistribute
directions of molecules at

each stage”

PUMPING SPEED, L /s

200

3
=)

120

@®
(=]
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<

10”7

10°

0°° 10
INLET PRESSURE , torr



32teo| 2 &= (Cryo-pump)

Cryo-pump design and performance Physical combination

"
. Inlet . @ @) @ Nitrogen and Oxygen
. O - .0 : © Helium
Cool — O Hydrogen
o’ ((< .;» ......................................................................................................................
Cold
(32237 53*‘%
Cold
Charcoal

Safety

Refrigerant Relief



Chemical combination

/ HINOIX

TS
LUt

4

=

w4
e —
u o~
4 D
L_____—-—.

v’ Ti evaporation = Deposited fresh Ti layer 2 Gas-Ti chemical combination
v No pumping ability for inactive gas (Ar, He, CH4)



NEG === (Non Evaporable Getter)

Chemical combination

ST101 (Zr-Al): Activation at 700°C 1h

s (% H,0 (19;,0

50 I
passivating
layer '\.
H, Inactive HEAT acive  +—( :o
‘ NEG Vacuum * i *
icl ps particle
lnoanas
Q) /\Oo 28 5
N, co 2
000 = — =
]
| =L
ERCE - P :
11 SEEE e
2 i e P A N S SRR
. &N ||l
l »
| Somton 5
| Acthvaon '.:’c 1575V iasw)
" Somton pressre 3E-8 Torr
L LTI
oo 00t o1 '
Sorbed Quantity [Torr'l)

v" Activation of surface (by heating) > chemical combination
v No pumping ability for inert gas (Ar, He, CH4)



ANIHE{ o|2E == (Sputter lon Pump: SIP)

Chemical combination

|||-;'

v’ Electron cloud - ionization = high energy impact on Ti plate 2> Ti
Sputtering > Deposited fresh Ti layer 2 chemical combination

v Pumping ability for CH4

v’ Low pumping speed for noble gas (Ar, He)
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Sputtered
(Ti, Ta)

Penning cell

ﬁ F=q(E+v x B)

a b c ¥

Cycloid motion
in cross field




Diaphragm
U-Tube Manometer

I MclLeod

I Capacitance Diaphragm

Thermocouple |
Pirani I

CONVECTRON'

Spinning Rotor

| Cold Cathode |
Schulz-Phelps

| Triode |

Tubulated Bayard-Alpert
STABIL-TON'

I Nude Bayard-Alpert

-+ttt  +t + 1
10-12 10-1110-1° 10-° 108 107 10-¢ 105 104 102 102 10! 1 10 100 1000
Pressure (Torr)
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Direct force on surface

Capsule

Pointer &
Pointer Gear \

Gear Sector

Sector Gear Connecting Rod

& Fixed Block
3 f Flexure Pivot o)

.‘; T

Gear Sector
8 Pinion

| conteaing - GouMMEr=

To Vacuum System

Burdon gauge Diaphram gauge



Indirect (neutral gas)

molecuﬁs Q. O = Or + O, + O
7

Qg : radiation (ocT#)
Q, : wire conduction (oc AT)
Q. : gas conduction (ocPAT)

P



[d
=

output (Volts)
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% Hl°|~] (Convection gauge)

oy Indirect (neutral gas)
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Triode ionization gauge

> M |
—N — | O

°|2 H°|&| (Hot filament ion gauge)
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ION CURRENT}

N

Indirect (ionized gas)

+
il IC?N COLLECTOR

COLLECTOR -1~ BIAS

ELECTROMETER

-

principle

Filament

Collector

Ml . = T Wi

X-ray limit



Lower limit of the ion gauge

cathode anode anode

//(+30V) / (+180V)

lllllllll

(V)

10-5}F
1076
— 1077}
S
'é 10-°1 I, T
- —10[" :
§ 10 . type
g 10741
= 10~ 1 ’,____.. B-A type

10713 10_12 ]o—lo 10 10° 10~*
pressure [torr]

3B gauge (<10-1* mbar)



W= % °l2 Ml°|A| (Cold cathode ion

Cathodes

HH\‘*--. Ring anode

+ 3RV

Penning discharge

Fast response time

-
Burst Disk test: result from 1st and 2nd runs Tirme interval upte 1 x 107 Torr:
1.0F03 050 - MKS 937B 1strun = 4.8 ms
- MKS 937E 2sd run = 5.2 ms
g e - TPG 300 1st run = 13.8 ms
g 000 - TPG 300 2st run = 15.0 ms
2 1 A -5
=
Y é’ Tirne travel for the gas reach the gauge
3 Logog s B using the most probable velocity
E E equation:
E 10007 3 Temp =24C
T M = 28 g/ mol (N,)
5 . 400 L
E ot e m ~ Distance = 100 cm
g & MESO3FE 15t Ti =37
H TRGI00 20 ime =2 ms
g oot
= » MES D378 2nd
Trigger 131 e Time response of the controllers at
10E10 T bl analog port:
MEKS 937B = 3-4 ms
10621 200 TPG300 = 12-13 ms
000 Qoo [l 0010 0a1% oo 002s
Time [sec)
0(6), %fice of  oLav BROOKHAVEN
__.‘ Science July 11-14, 2011 8 MATIONAL LABODRATORY

LS. DEPARTMENT OF ENTRG ¥ BROCKMAVEN 3CIENCE ARSOCWTES

gauge)



DETECTOR

APERTURE

ENTRANCE MASS RESOLVED

¥
APERTURE 10N BEAM
(A) ‘
% X
48
QUADRUPOLE -gp— o
FILTER RODS

—

10N SOURCE

QUADRUPOLE CROSS SECTION

Quadrupole mass filter.
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STL file

Particle density [1/m3]

Hot side (450K)

400e-5 500e-5

Cold side (100K) Hot side (450K)

Particle density [1/m3] 15e+018 2e+018 25e+018




=! o /é-lT" "https://molflow.docs.cern.ch/gallery/”

4 % Screencast-O-Matic.com
Screencast-O-Matic.com .

Timewise plotter

[_[o]x] Timewise plotter
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= “Vacuum in Particle Accelerators : Modelling, Design and Operation
of Beam Vacuum Systems” (John Wiley & Sons, Malyshev, Oleg B)

= “Accelerator School-SR and vacuum system” (Join Accelerator
School 14, Yusuke Suetsugu)
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