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Introduction
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Some machine parameters pertinent to the MPS design:
e Beam energy out of the gun is 400 keV
e Beam energy after the Booster is 1.6 — 2.6 MeV (the maximum possible energy is 3 MeV)
e Operational beam current is 35-55 mA (baseline with trains); CW 85 mA (1.6 MeV), 67 mA (2 MeV)
e Operational beam power is <140 kW
e Typical transverse RMS beam size throughout the LEReC is >1 mm
e The smallest transverse RMS beam size in the LEReC (Merger beamline) is 0.25 mm

Missteered beam at full power can damage the vacuum chamber and in-vacuum beamline components.
LEReC MPS shall protect machine from such a damage.



LEReC beam structure |

Continuous sequence of 9 MHz macro-bunches or

Trains (of length At) of 9 MHz macro-bunches repeated with frequency 1/T

Q, — charge per bunch ( operational 130 pC)

N, — number of bunches per macro-bunch (operational 30) Q
At - length of train of macro-bunches Q- 1400ps
N, — humber of macro-bunches per train 7100 ps
T —time period between trains
Q
110 ns
Q
— t
Ny
At
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LEReC beam structure Il

e CW 704 MHz bunches or
e Trains (of length At,) of 704 MHz bunches

Aty — length of train of CW 704 MHz bunches Q,
1400 ps
k—]

“100 ps

A4



LEReC beam parameters

Electron beam requirement for cooling

Kinetic energy, MeV 1.6* 2 2.6
Cooling section length, m 20 20 20
Electron bunch (704MHz) charge, pC 130 170 200
Effective charge used for cooling 100 130 150
Bunches per macrobunch (9 MHz) 30 30 24-30
Charge in macrobunch, nC 4 S 5-6
Average current, mA 36 47 45-55
RMS energy spread < 5e-4 < 5e-4 < 5e4

RMS angular spread <150 urad <150 urad <150 urad



Beam modes

Timing pattern | Beammodes | Goals _______________|Power __

N, =30
Nyp =1
T=1s

N, = 10,15,20,25,30

At < 250 us
T=1s-5s
N, =30

At <1000 ms
T=1s

N, = 30

At=T

704 MHz CW

Low Current Mode
(LCM);
Q,=30-200 pC

RF studies mode
(RFSM);
Q, =200 pC

Transitional mode 1
(TM1);
Q,=200 pC

Transitional mode 2
(TM2);
Q,=200 pC

High current mode
(HCM);
Q,=130-200 pC

Q,=95-120 pC:
CW mode (CWM)

Get beam trajectory through the whole
machine. Firstiteration on setting the RF.
Set optics for nominal Q.. Measure beam
emittance. Measure beam envelope through
the CS.

RF fine-tuning. Study beam longitudinal
dynamics.

Gradual transition from LCM mode to HCM
mode, keeping nominal Q..

Alternative to TM1

Getting nominal parameters of e-beam in the
CS.

Alternative to HCM.

P=16 mW
| =6 nA

Ps7W
| =3 uA

P =140 kW
| =55 mA

P =140 kW
| =35 mA

P = 56-140 kW
| = 35-55 mA

P =135 kW
| =67-85 mA



MPS reaction time |

e Typical beam rms R > 1 mm throughout the whole LEReC beamline. In the merger (at the centers of
respective 20deg dipoles and in between 2 lenses) rms R = 250 um.

 Bending magnets (especially in the merger) are the most dangerous locations.

* For 0=1 mm at normal incident angle the full power beam melts 2 mm thick vacuum chamber in 0.4ms.

* Inthe merger at normal incident angle full power beam melts 2 mm thick vacuum chamber in 25 us.

Stainless steel 304 vacuum chamber has a thickness w ~2 mm, therefore, it stops
100% of the beam. St. steel specific heat capacity (SHC) is 502.4 J/(kg-K), its density
(p) is 7999.5 kg/m3 and it melts at 1450 C. Temperature increase in time t is:

P-t
AT =

SHC - p - n(\/fa)zw

e Missteering can happen due to the change in magnet fields (slow process, doesn’t determine the MPS
reaction time) and the RF phase jump (can happen in few us).

* Yet, a significant jump in energy will change beam focusing and beam energy simply can not be increased
by a factor of 2. Therefore, the worst case scenario of ultra-focused beam hitting a crotch in the bend
vacuum chamber at a normal incident angle can not be realized.




MPS reaction time Il

e The maximum incident angle at which the high power tightly focused beam can hit the vacuum chamber
is 35 mrad (defined by distance between adjacent magnets and diameter of the vacuum chamber).

e The full power beam hitting the in-vacuum component with an angle close to the normal one will have
rms size larger than 1 mm.

e The maximum energy that can be inadvertently reached is 3 MeV.

e Under various scenarios the calculations of the time to reach ultimate yield strength in the vacuum
chamber was performed both analytically and in ANSYS (there was a good agreement between the two).

normal incident normal incident | angle=0.035 rad
o=1 mm o=0.25 mm
Pattern |Q_b, pC |l_av, mA |E, MeV |P, kW t_melt, us|t_yield, us|t_melt, us]t_yield, us|t_melt, us|t_yield, us
1.6 83 655 66 41 4.1 1171 117
190 52 2 104 525 53 33 3.3 943 94
2.6 135 400 40| 25 2.5 714 71
3 MHz; 3 155 350 35 22 2.2 629 63
30 bunch -
1.6 57 950 95 60 ] 1714 171
per pulse 2 71 765 77| 48 4.8 1371 137
130 35 -
2.6 92 590 59 37 3.7 1057 106
3 106 510 51 32 3.2 914 91
cw 120 36 1.6 137 395 40 25 25 714 71
704 MHz
95 68 2 136 400 40 25 255 714 71
defines defines
MPS MPS
simulated in ANSYS reaction reaction
analytic estimate time time

Example of ANSYS simulations

e Asaresultit was determined that the minimum
(courtesy of J. Hock)

required MPS reaction time is 20 us




Tolerable routine losses

e What routine current loss is tolerable?

— Typical beam throughout machine has ¢ = 2 mm (equivalent uniform density circle Ry = 2.83
mm).

— For any beam mode other than the LCM we will interlock BPMs around the bends, monitor bend
currents and forbid operation of the insertion devices. Thus, if the beam hits the chamber the
worst incident angle will be determined by chamber diameter and the distance between magnets
a < 0.042 rad.

5”

~3m
— Assuming that the power is transferred away from the hit location through conductance only (for
St. St. 304 thermal conductivity is k = 16.2 W/m/K), we get:

KT2mtw

—In (1.56%)

 |f we want to keep the temperaturerise T = 50 Kthen P = 3.3 W
* For 3 MeV beam (the highest physically possible energy) tolerable I, = 1.1 uA.




Ultimately safe operation mode |

From similar considerations, we can afford ~1.3 W of tightly focused beam (o = 250 um) to
hit in-vacuum surface at normal incident angle.

At 3 MeV (the highest beam energy one can inadvertently achieve) we obtain the current
threshold of the ultimately safe operation mode to be 400 nA.

KT2mw

= —ln(\/ia)

On the other hand we are operating beam with very high peak power (for instance, peak
P=371 kW for 2.6 MeV beam energy).

For 3 MeV 704 MHz CW with 200 pC/bunch it takes 1 us to reach 170 C (from temperature

of 30 C) - p-t

2
SHC - p - n(\/fa) w
If we want to afford 50 C temperature rise only then in the pulsed mode the current shall be
limited to 25 nA.

Therefore, the current threshold of the ultimately safe operation mode is 25 nA.




Ultimately safe operation mode Il

e We can operate in LCM (Nb =30, N,n_b =1 T=1s, QQS 200 pC) without interlocking beam trajectory or
focusing.

 Inthe worst case scenario the vacuum chamber will be heated up by ~ 7 K by an “energy hammer”
hitting the chamber with 1 Hz rate.

Effect on copper mirror

|
Effect of 42 ns long 40 . : .
macro-pulse with 0.25 | intercepting 42 ns long
mm RMS transverse T ] macro-pulse with 1 mm
beam size hitting the RMS transverse beam size
vacuum chamber at a 6 at 45 degree angle

normal incident angle

[, deg C

|
|
|
34 i
|
l
|

0 0.01 0.02 0.03 0.0k 0.05
t, us

vacuum chamber T, deg C (beam rms BE=0.23 mm)

copper mitror T, deg C {beam rms B=1 mm)

 For stainless steel the temperature increase to reach the maximum vyield strength is 140 K.

 Apparently, the “energy hammer” effect is well within the range of elastic deformation of the stainless
steel and we don’t expect any fatigue failure from such small thermo-mechanical stress.



Basic parameters of LEReC MPS

Reaction time: 20 us
Tolerable routine losses: 1 uA

Current threshold for the ultimately safe operation mode is

25 nA

LCM (N, =30,N,,=1,T=1s,Q,<200 pC) is an ultimately
safe mode. Any beam manipulations are allowed in LCM.

Q, pC

30-200 |- -t - - T

Q, pC
30-200 |7

1400 ps

[

—>

“100 ps

t, ps

© <42ns

J

|
< 30 bunches



Failure scenarios

e Beam is lost inside the gun

e Laser failure can result in the train of electron
ounches having the same average beam power

out carrying a charge per bunch which differs
from the design one. These wrong-charge

bunches will not be focused properly and will get
lost at the entrance of the SRF Booster.

* Wrong power beam hits YAG, Vacuum Valve, Halo

Monitor, Emittance Slit, Dump or Vacuum
Chamber




Beam lost inside or close to the gun ()

e Such loss shall be excluded

altogether
e Controls: _ PD
— Administrative control — m;r‘r.o_r. _>.
start commissioning with

minimally observable
charge and current and
establish good beam
trajectory out of the gun

— Monitor anode corrector

— Monitor difference
between the laser
power*QE and FCT
measured beam current

— We might monitor laser
input mirror anglesas  FCT |
well .




Beam lost inside or close to the gun (lI)

 Tolerable current loss in the gun:
— Assuming:
 stainless steel material (thermal conductivity is kK = 16.2 W/m/K) of thickness

w=2mm

Flat-top beam with radius R=1 mm

400 keV beam energy

Normal incident angle

Tolerable temperature rise T = 50 K

— In steady state:

KT21Tw
P = — = 15W ‘ Safe current loss is 3.75 uA
—In

e [tisasmall current. Such loss will be hard to detect even in pulsed
mode if the length of the pulse is tens of milliseconds.

 Forinstance, if 1 pC per bunch loss can be reliably detected then
3.8 uA corresponds to 14 ms trains of macrobunches with 30
bunches per macrobunch and 1 Hz pulse repetition rate.



Beam lost inside or close to the gun (lIl)

e We have a vacuum gauge in the gun with vacuum
activity detection time of 40 ms.

e [t shall be safe to set the threshold of current loss
detection in such way that the current lost in 704 MHz
CW mode doesn’t increase the hit-spot temperature by
more than 50 K.

 Assuming beam parameters listed on the previous slide
we get current threshold of 80 uA

e Such loss shall be detectable in the pulsed mode.

e Fore instance, for pulses with 5% duty cycle (first half
of 2017 run) 80 uA loss corresponds to the loss of ~6
pC per bunch (with 30 bunches/macrobunch).




Beam lost inside or close to the gun (V)

e |n CW mode 80 uA current won’t be detectable with FCT.

 For example, in 704 MHz CW 80 uA corresponds to 0.11 pC/bunch. Most probably
it is below the noise level.

 Hopefully, the potential current losses in the gun higher than a few hundred of
microamps will be detected by BLMs long before gun vacuum gauge reacts.
Otherwise, the gun might get damaged.

Temperature increase over the reaction time of the vacuum gauge (40 ms) depending on the
detectable loss current in the gun (704 MHz CW is assumed):

300

700

600

300

400

300

200

100

I}I}. 1 0.2 0.3 0.4 0.3 0.6 0.7 0.8 0.9
I loss, mA

e Itisimportant to always check the beam trajectory out of the gun in the LCM prior
to switching to the HCM. So that we have administrative protection against beam
loss in the gun even without the differential measurements



Laser failure & beam loss inside SRF Booster

Sub-Watt of distributed losses is acceptable

SRF quench protection is adequate for higher distributed losses
We shall protect it against direct losses
Controls:

— Administrative control — find proper trajectory through SRF cavity and
find proper focusing in LCM.

— Monitor BPMs upstream and downstream of the SRF Booster to protect
it against direct hit by the beam

— Monitor solenoids in front of the SRF booster to help W|th protectlon
against distributed losses




Catastrophic Beam loss in SRF Booster

e Suppose that bunch charge suddenly jumps to 1 nC due to highly improbable set of
operators errors.

e At 400 keV, 9 MHz train of 30-bunch macro-bunches will have 110 kW power lost in the
bottle-neck (we are assuming that this power is uniformly distributed over the bottle-neck

surface)
We conclude that the SRF quench protection is an adequate protection against a
“catastrophic” beam loss.

e Mass of the Niobium choke area cylinder: 0.25 kg.

* Volume of the liquid helium in the end bell: 0.54
Liter. Helium mass of 0.079 kg.

e Detailed calculations of the process of heating up
the niobium choke and surrounding liquid helium
give a conservative estimate of 250 us for the time
required to start vaporizing helium.




Wrong power beam hits in-vacuum surface

Wrong power beam is deposited on a surface it is not supposed to hit

— YAGs, Vacuum Valves, Halo Monitors and Emittance Slits can accept low current
beam (N,=30,N_,=1,T=1s, Q=200 pC) with one Hz rate.
e Controls: if any of these devices are inserted when beam has wrong power
the MPS shall stop the beam within 20 us.
— 10 kW dump:

* Monitor the respective bending magnet and stop the beam if the beam
with wrong power is sent to the 10 kW dump.

— Vacuum Chamber:

e Administrative controls — always start by establishing beam trajectory and
focusing in LCM

* Interlock BPMs upstream of, inside and downstream of the merger

e Detect beam losses with strategically located BLMs and probably with the
differential FCT measurements



MPS Diagnostics

BLMs — for fast loss detection (reaction time is a
few us)

FCTs — for measuring beam current and for fast
loss detection (reaction time is a few us)

Monitoring BPMs — to control beam trajectory
(reaction time is ~12 us)

Monitoring magnets to control beam trajectory
and focusing

MPS interlocks the machine by blocking the
photocathode laser beam



FCT signal processing scheme (l)

MPS shall quickly (within microseconds) detect the unsafe conditions
We use FCT to measure instantaneous beam current

What we want to have is the instantaneous measurement of an average
beam current

In other words, ideally we want to know that the average current level has
changed at the moment it has changed.

Some processing scheme is required before FCT signal is used to define
the current level, which is transferred to the MPS controller.

Not LCM: if flag is inserted MPS shall
LCM: safe to insert interlock machine within 20 us
the flag

A —




FCT signal processing scheme (lI)

Measure total charge accumulated in the moving window of some length
T.

This charge will be defining our “beam modes”

The window of length T overestimates average current for repetition rate
< 1/T. We suggest T=5 s (the longest expected period in all of our beam

modes).

<
<

T ,
Beam mode Machine mode Q accumulatedin 5 s long
moving window

LCM flags, vacuum valves, 125 nC
faraday cups, etc.

RFSM RF line flag and dump 13.6 uC
10 kW dump 19 mC
TM, HCM 140 kW dump 273 mC



Concept of MPS Logic

MPS works with Machine Modes (MM)
MM is defined by where the beam is supposed to land
Each MM has the safe power limit (SPL) associated with it

Actual beam power (ABP) is calculated from FCT readings and the highest possible beam
energy

If ABP>SPL then the beam is stopped

For example operator works in RFSM:

— If gun diagnostic bend and first merger bend are “off” while RF diagnostic bend is “on” and RF YAG is
inserted then MPS decides that it is working in respective MM.
— The SPL for this MM is 7.1 W

— If operator runs (with 0.2 Hz) 2.6 MeV beam with 200 pC/bunch and exceeds the allowed length of the
macro-bunch train (250 us) by 50 us then ABP becomes 8.5 W and MPS stops the beam.

Expected
beam

. 200 pC/bunch, 30 bunches, energy is
Determine MM 300 us train/5 s 2.6 MeV
SPL=7AW ABP=8.5W Calculate ABP
Stop beam ABP>SPL




e The MPS is interlocking the machine by closing the laser Pockels cell and shutting the

Concept of MPS—Laser Interface

mechanical shutter

976 nm

Laser pulse shaping scheme:

404 MHz CW¢

Oscillator

)

Pulse picker

9 MHz macro-pulses

with N, =10 - 30

pulse picker

704 MHz 704 MHz ( \
fiber oscillator RF

EOM E—[
. ISO

9.1 MHz

system

* 976 nm | 0> ¥H?

PC
IR output \

mechanica
shutte

PC

J

Trains of 9 MHz

Green output \

MPS

macro-pulses

Train shaper

with any At and any
T

Intensity
control




Gun Test run in 2017

e February —June 2017 we will be testing our gun with a short
beamline.

e The beam energy will be 400 keV.
e The maximum allowed beam power will be 10 kW.

e For the fist half of this run we will be able to operate machine only
in the pulsed mode.

Halo
Monitors

, LEPM HEPMDu: Slit iﬁf N

& / BPM = mele

. BPM BPM
Beam “ ‘i * FCT
Dump (BD) ).‘ B ocnin - L s

2000 lon Pump

Faraday Dipole ERL Solenoid 7SUlon Pump
Cup (FC);



Complete fast MPS
logic for 2017 run

(gun test)
P> Poy ’@—)
/T

Dipole

————————>| AND |—>
_

M\

LEPM

Y

;AND—>

N AND | sy

>
AND | ——

BLMs —————>

—
P>P,..
P>Pcwm
Compare HEPM
power
—>
Slit
Laser Shutter,

FCT (1)

Open

Gun HV on ——> >
Gun HV out of rangeg ———>

MPS Logic

Halo
Monitors

LEPM i
HEPM Slit 2.1 GHz
/ DCCT | Cavity H/V
/ CORRECTOR
. /; BPM o DC Gun CATHODE LOADING
1 Quad BPM BPM SYSTEM

Beam ' * FCT
Dump (BD)

‘. |:.‘. -,'..-_. i M.~ v VIl v I o~
200L lon Pump H-.' B = e H‘ : \J.—P

Faraday Dipole

Cup (FC) e FLtni
o1

Dipole  Off On
BPMs In range Not in range

R trip LEPM Out In
HEPM Out In
Slit Out In
BLMs Losses are Losses are

below limit above limit



MPS Logic flowc

e Beam level
detection:

* These inputs are not maskable.

FCT Lewal 0 | @era Current Lewal

FCT Level 1

FCT Level 2

sk FCT Level 3
FCT Level 4
FCT Level 5

FCT Level &

FCT Level 7

PS5 will identify the one FCT level that is active and
declare this ta be the allowable beam current level. If
there is no active level or there is more than ane
active level, MP5 will interlock the lazer and will not
release it until onby FCT Level O becames active.

Active FCT

hart (l)

* These inputs are not maskable.

Laser Intensity Lewvel O
Laser Intensity Lewel 1
Laser Intensity Level 2
Laser Intensity Level 3
Laser Intensity Level 4
Laser Intensity Level 5
Laser Intensity Level &

Laser Intensity Level 7

MPS will identify the one Laser Intensity level that is
active and declare this to be the allowable laser power
level. If there is no active level or there is more than
one active level, MP5 will interlock the laser and will
nat release it wntil onby Lazer Intensity Lewvel O
becomes active.

Active Laser
*  ntensity
Level

Selects the higher of the twe

T
.l

active levels.

|

Compare B

Allowed
Beamn Level



MPS Logic flowchart (ll)

e |solation mode
and laser
alignment
mode:

All laser interlocks (except the ‘no FCT/laser level’ interlock) will be enforced for 1 second. After this
period, when the user issues an MPS reset, the slow shutter and the pockels cell will be opened to
generate beam. If the interlock condition persists and/or a new fault occurs then a laser interlock will be
issued again.

If no FCT or Laser Intensity level is detected, laser will be interlocked and will remain interlocked until a
level is detected.

Once in Isolation Mede, no other
inputs are checked. No action is
taken by MPS.

/ lsolation \

Mode 4

Bath Agree?

MCR
ALARM

Alarm only if no MPS Interlock

There will be a delay
between command and the
Wait for shutter  closing  fully.  An
alarr may be generated
during that time.

» Allowed Beam
Level

Check ta confirm

DE Gun HY ™ Mo N
* ps Violtage = P\ INTERLOCK

Shutter Pos
Rdbk =
Closed?.

/

Do nothing

Yes

Interlock by
MPS?

———3» Do nothing
Shutter will remain closed.

Once in Laser Alignment Mode,

‘\ MPS will not modify PC/ Slow
Shutter positions. No action is
taken by MPS.

/ Laser

4 Alignment
K Mode

N



MPS Logic flowchart (l1)

e Three beam modes:

. LASER
© INTERLOCK

Check to confirm

MCR
ALARM

GUNHY PS5
INTERI

g

Do nothing

beam Level 0 Toro Lavel

Beam Level 1

Beam Level 3 LASER OK
B 10 Faraday O
Beam Level 4

Beamn Level 5

Beam Level &

feam Level 7

LASER OK
Seam to Dump



MPS - Laser interface

Laser Interlock Scheme for LEReC — FALL 2016

Moa Until|Next Spring!

Timing

Intensity

Slow Mechanical

-
o
Pockels Cell = EOM
=
m
Y Y
AND / o
Gate -t \ LOEIC
vz | | f
Y | A A
|
I
Interdock |
MPS Paosition Readback

Shutter
Inkerkock
Inpud REIEE
A A

b
Interiock

Fast Mechanical
Shutter

Mo Interlock

Usar Command
via serial interface



Current status

Programming the controller for the MPS designed for 2017 run (gun

test) is underway.

The building of the timing system (defines beam modes) is in
progress.

Tests of various BLMs with e-beam will be performed at the start of

the test.
Test of FCTs on a test-bench are planned for the end of December.



Thank you!
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