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A (S
Dackground: R ,.hf,f

o At Fermilab, high power beams are being
planned for existing facilities which have
insufficient passive shielding, e.g.,

o Muon Campus(13 W -> 8 kW)
o Booster (~35 kW -> 80 kW)
o Main Injector (700 kW -> 2 MW)
o Supplemental shielding addition is not

possible and/or very costly and/or
Impractical

A. Leveling
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background.:

o Historically, Fermilab has used passive
shielding in conjunction with interlocked
radiation detectors to provide
comprehensive protection necessary to

meet the requirements of the FRCM

A. Leveling



5 10/7/14

motivation for TLM:

o Large numbers of additional interlocked
detectors (chipmunks) would be required
for some installations, e.qg.,

o Muon campus (42->200 - mu2e experiment)
o Booster (48->? — PIP/PIP-II)

o AD received encouragement from the
Fermilab ESH&Q Section in May 2011 to

pursue development of a long detector
system
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motivation for TLM:

o March 2011

o Sam Childress addressed a letter to the AD
Head and ESH&Q Head suggesting the
need to develop a long detector safety
system for high power machines

o Suggested various possible applications
o Suggested formation of a working group

o ESH&Q Head reply was positive/supportive
on all counts

A. Leveling
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Examples of Chipmunk and TLM installations

Chipmunks provid
dlscrete abov;

3 parallel LM detectors
£
| — 2502
N\

vam
i

", Ay
& Tiy B

~TLM provides ¥
continuous, in- tunn#l

coverage B
A. Leveling




\ 8 10/7/14

early days:

o June 2011 to August 2011

o Instrumentation department had detector cable on
hand

o Pbar colleagues helped install the first three detectors
at in the Accumulator/Debuncher

o We were still stacking and storing pbars at the
time

o The TLM detectors could be observed under this normal
set of conditions

o Two possibilities to do proton studies at ELAM and
A2B7
o Controlled beam loss of known intensity!

A. Leveling
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early days:

o June 2011 to August 2011

o Allstudies were done with BLM electronics and/or a
scope

o Numerous beam studies attempting to get meaningful
data — a confounding time

o August 12, 2011

o Borrowed a chipmunk electrometer (blue box)from the
ES&H Section

o Reproducible, consistent data became available
o Limited dynamic range

A. Leveling
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good correlation between TLM and chipmunk

blue box total counts

125 foot TLM response on Blue Box

y=10221x+107.67
y¥=5.1849x-1.6673

R*=0.9976
R®=0.9997

10

15

E10 protons lost on elam

400

reference chipmunk
total counts

& TLM 125 response
B Peakchipmunk response
—Linear (TLM 125" response)

Linear (Peak chipmunk response)
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early days:

o December 8, 2011

o Simultaneous measurements of a beam loss condition
with 2 detectors

o with Keithley 6517B electrometer and the blue box 2
detectors

A. Leveling
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2 detectors simultaneously!

Blue box and 6517B comparison

40

y=15708x-4.3619 R®=0.9983

y= 14B57x-3.8982 R®=0.9983

* blue box
W 65178
E10 protons
A toroidintensity M:TOR105

= Linear (blue box)

——Linear (65178)
——Linear (65178)

NOTE: blue box charge collection time is 100 sec
65178 charge collection time is <5 sec

40 50
booster bunches
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early days:

o Keithley electrometer provided extended
dynamic range

o We could begin to make a serious attempt at
detector response

o ESH&Q wanted to see at least three data sets with beam
intensity in decade intervals

o Purpose is to determine bias requirement for higher intensity
beam loss

A. Leveling
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TLM Response [nCoul) Normalized to mean

338' TLM Plateau Series; Data from:
T.Leveling; J. Larson; F. Krueger; A. Olson, 1/13/2012.

# B Bunches Ch Digitizer charge
mode

B Bunches Keithley 65178 charge

made

& B0 Bunches Ch Digitizer

¥ 10x84 Bunches Keithley 65178
charge mode

| A10x84 Bunchesw/HV filter,

Keithley charge mode; TL,FK

10x84 Bunches no HV filter
Keithley 1uf volts mode, TLIL

0 10x84 Bunches no HV filter
Keithley 1uf volts mode; TLILAD

100
TLM Bias (volts)

1000 10000
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TLM Response [nCoul) Normalized to mean

338' TLM Plateau Series; Data from:
T.Leveling; J. Larson; F. Krueger; A. Olson, 1/13/2012.
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TLM Response [nCoul) Normalized to mean

338' TLM Plateau Series; Data from:
T.Leveling; J. Larson; F. Krueger; A. Olson, 1/13/2012.
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nCoul/E10 Protons

-
=]

Normalized 338' TLM at 3 Intensity Levels
Data from T. Leveling, F. Kruegerand J. Larson; 1/11/2012, fk.
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transition

o At that point, we had an understanding
of TLM response as a function of 8 GeV
beam loss

o Using shield scaling rules and energy
scaling laws we could study dynamic
range requirements for TLM applications
across the laboratory

A. Leveling
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Single point loss limits berm surface normal condition dose rate to 5 mrem/hr

8 GeV TLM response
constant TLM baseline energy Energy scaling factor Baseline TLM distance to beam center
3.2nC/E10 8GeV 0.8 5.5feet
Machine/Condition |[Notes | Beam | Energy | Protons Average Nominal |Magnet to Shield beam loss - % of nC/min
power | (GeV) | per hour |intensity per | Shielding ceiling Category or |[limit (p/s) - beam [(per meter
(KW) second feet distance | application . loss in bold)
basis
Mu2e Service Bldg. | 1 1.13E+16 | 3.13E+12 10 5.5 skyshine  |3.3 watts|2.58E4090.082%| 93
Mu2e Service Bldg. 2.25E+16 | 6.25E+12 10 5.5 skyshine  |3.3 watts | 2586409 |0.041%
Mu2e Shielding 1.13E+16 | 3.13E+12 13 5.5 1A 3.26E+10 | 1.63E409 [0.052%
Berm
Mu2e Shielding 2 8 8 |[2.25e+16| 6.25E+12 13 5.5 1A 3.26E+10|1.63E409 [0.026%| 31
Berm
Booster May 2013 64 1.80E+17 | 5.00E+13 14 4 2A 2.20E+11|1.10E¥10 (0.022%| 399
Booster 2016 80 2.25E+17 | 6.25E+13 14 2A 2.20E+11|1.10E¥10 (0.018%| 399
Booster (any pwr) 14 4 1W/m NA - 1,701
1.31E+17 | 3.65E+13 1.82E+11
431E+17 | 1.20E+14 1.82E+11
Nova 700 | 120 |1.31E+17 | 3.65E+13 26 10 ppm NA |3.65E+08(0.001%| 116
LBNE 2,300 [ 120 |4.31E+17 | 1.20E+14 26 3 1W/m NA [5.21E+07 [0.000%| 29
Not Recommended

1 Distributed or concentrated loss limits public exposure to 1 mrem per year; NB—6 nC/E10 at ELAM

2 Single point loss limits berm surface normal condition dose rate to 0.05 mrem/hr

3 Total charge limit in tunnel beam loss to 1 W/m - distributed among some number of TLMs

4 Limit total beam loss to 1 part in 1E5 A. Leveling
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The next step

o With a well developed knowledge of
detector response for known beam loss,
we could begin to develop an

electrometer design

A. Leveling
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TLM system design reguirements:

o Limit beam losses to the level of 1 watt/meter

o The TLM electrometer must be able to collect charge
with a 100% duty factor, i.e., no dead time for
integrator reset

o TLM system must connect directly to the existing
Radiation Safety System (RSS), via existing radiation
interlock cards

o Include a rigorous testing program and calibration
schedule

o The response of the TLMs must be characterized and
/or predictable for a wide range of beam loss
conditions

A. Leveling
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TLM system design reguirements:

o All activity from TLM detectors had to be captured
completely, both by:

o The radiation safety system “rad card”

o The site wide monitoring system, aka, the
RADMUX system.

o RADMUKX system is bandwidth limited to 70 Hz

o TLM electrometer is limited to ~62 Hz to ensure no
loss of data monitoring

A. Leveling
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TLM system design reguirements:

o The TLM system must be fail safe; i.e., the (RSS)
must be disabled if:

o TLM chassis loses power
o Motherboard voltages go out of tolerance

o TLM detector is disconnected from its
electrometer

o TLM heartbeat is lost (provided by 83 pA
leakage current)

o TLM bias voltage falls outside tolerance
o The TLM gas flow is lost, (nominally 25 cc/min)

A. Leveling



o Detector works in ion
chamber mode

o 800 volt detector bias

o Argon/CO, detector gas
o Nominally 25 cc/min

Electrometer output is
calibrated in units of nC/TTL
pulse

o Heartbeat provided by 10
Tohm resistor (83 pA =5
nC/min)

24
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TLM system diagram

TLM
Interface

interlocked gas
flow sensor

Mux A

_________

A. Leveling



10/7/14

TLM electrometer design

o Two electrometer design paths were pursued

o Digital electrometer design
o Created by Dave Peterson

o Trial version was implemented in December
2012

o Ran for several months in 400 MeV region of
Linac

o Analog design
o Created by Dan Schoo
o Implemented in March 2013
o A second version was created in April 2013

A. Leveling
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TLM electrometer design

o Dan’s second version electrometer design was
chosen for its simplicity of design and operation

o Meets all of our design requirements
o Over 2 years of operating experience with the
design
o Flawless performance!
o Three detectors at pbar
o One detector at Linac
o 3 detectors at ASTA

o 1 detector at NuMI
o 1 detector at Booster

A. Leveling
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Setting TLM trip levels:

o Determine the worst case beam loss
condition by:

o Evaluation of the possibilities, then
o MARS simulation(s), and/or
oMeasurement

o The worst case condition includes
consideration of:

o Beam enclosure geometry

o Maximum beam intensity lost (MBL)
o Beam energy

o Amount of shielding present

A. Leveling
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Setting TLM trip levels:

o Posting and controls for region
determined allowable beam intensity lost
(ABL)

o The TLM response to the worst case
condition (TLM,,_,) Is determined by:

o Measurement, or
o By MARS simulation
o TLM trip level is set by scaling:
o Trip Level = TLM,, ., X ABL / MBL

A. Leveling
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TLM trip level philosophy:

o The trip level has to be safe AND it has to allow normal
losses with reasonable margin for variances in operation

o Avoid spurious/unnecessary system trips

o TLM cannot distinguish between single point, localized
losses and losses distributed over its entire length
o This implies the trip levels are conservative

o Trip levels are to be determined by the laboratory’s well-
developed, shielding assessment process

e

bt

A. Leveling
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Possible applications:

o Limit effective dose rate outside of radiation
shields

o Implicitly includes control of radiation skyshine
o Limit beam loss to 1 W/m

o Limit surface water, ground water, and/or air
activation

o Limit radiation levels outside of exit labyrinths and
cable penetrations

| ;T.-'r.fr,.l'f 'r fr i

e e
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for example:

o Delivery Ring Arc has 13 feet of shielding
o Length of the arc is 117 meters
o Assume we want to:

o limit radiation dose rate to <5 mrem/hr (controlled
area)

o limit 8 GeV beam loss to 1 W/m or 7.8E8 p/m/s
o 117 wattsis 9.1E10 p/s
o From site-wide shielding criteria, a single point 117 W

beam loss results in dose rate of 12.6 mrem/hr — T”_T' '
o Exceeds the 5 mrem/hr goal

A. Leveling
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for example:

o So we cannot use the 1 W/meter basis for the
delivery ring arc for the 117 meter cable

o However, if we subdivide the cable into three
parts:

o ~40 meters
o 40 watts is equivalent to about 3.1E10 p/s

o With three ~40 meter detectors, we could use
the 1W/m basis and meet the limit of 5 mrem/hr
for a single point accident

A. Leveling
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for example:

o If we stick with the 117 meter cable;
o Losses would be limited to 3.6E10 p/s (0.39 W/m)

o The maximum dose rate on the shielding berm
would not exceed 5 mrem/hr

o The TLM trip level setting for this case would be:

3.6E10 p/s * 60 seconds * 3 nC/E10 protons =
648 NnC/min

A. Leveling
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consistency check:

MARS calculation vs measurement at A2B7

w
a1
o

w
o
S

¢ MARS calculation
B 2012 measurement QF=6.2

[%2]
c
o
-
2
Q
™
«—
L
©?2
™
o)
Q
€
2
S

|

0.00 5.00 10.00 15.00 20.00 25.00 30.00
feet relative to US end of A2B7

648 NnC/min*60min/hr*1el0protons/3nC*1.5mrem/3.6E13protons

= 5.4mrem/hr (reasonably good agreement!)A e
. Leveling
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Final Pbar Source Study Results

o Two final studies were done in pbar
before Accumulator/Debuncher
Disassembly began

o Using a common, controlled beam loss at
A2B7
o Response of 3 parallel detectors

o Response of the 3 detectors connected in
series

A. Leveling
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Approximate location
of AZET Beam Loss

alaciromeatar

gas went 128

I argon/CO2 supply at
| AP10 service building

supply

parallel arrangement

elactrometer

Two intensities of beam loss were created at A2B7
1.5E11
2.5E12

A. Leveling




Low intensity run
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High intensity run
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Approximate location
of AZBT Beam Loss

gleciromefer

128

HY
supply

l argon/CO2Z supply at

| : AP 10 service building
series arrangement

Legend

I detector cable
2.5E12 beam loss created at A2B7
. TLM end cap

— COpper gas line

heartbeat resistor A. Leveling
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120.22
background cpm 7.04 7.21 4.08 Low intensity
total background 140.8 144.2 81.6 ParaIIeI arrangement
net counts 362.2 362.8 364.4
nC per E10 protons 3.01 3.02 3.03

High intensity

sum 21.865625 6871 7052 6879
Parallel background cpm 7.04 7.21 4.08
t total background 422.4 432.6 244.8
arrangemen net counts 6448.6 6619.4 6634.2
nC per E10 protons 2.95 3.03 3.03
e 111.88 1174
. . . Average background
High intensity - f— 5.69
Series arrangement . total background 176.3125
- net counts 997.6875
" nCperE10 protons 8.92
- nC per E10 protons per 597
detector

A. Leveling




High intensity
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120.22

background cpm 7.04 7.21 4.08 Low intensity

total background 140.8 144.2 81.6 ParaIIeI arrangement
net counts 362.2 362.8 364.4

nC per E10 protons 3.01 3.02 3.03

sum 21.865625 6871 7052 6879
Parallel background cpm 7.04 7.21 4.08
total background 422.4 432.6 244.8
arrangement net counts 6448.6 6619.4 6634.2
nC per E10 protons 2.95 3.03 3.03
Conclusions: 111.88 1174
1. Detector cable length is irrelevant d 5.69
2. Location of beam loss along the detector R
length is irrelevant 997.6875
3. Cables can be connected in series with RG58  ©_ S8
2.97

cable, for example, to repair a damaged
cable

A. Leveling
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Booster Study Results

o TLM response to localized high field loss

o In this study, also checked TLM response as a
function of location along the detector

o Compare TLM response as function of
Detector gas type (argon and argon-CQO,)

o Provisional Booster shielding assessment trip
point determination
o TLM response to 400 MeV beam loss
o TLM response to normal beam losses

A. Leveling
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TLM response as function of position

Legend

-\ HB resistor . short 12 loss location

signal cable
e HV cable
== | LM detector cable

i I
=
Orlentat:on 2 P e
= T T
L
Futreis
AT Adiied Zroadk  SRSCh A ToE
= e R R [N
=R
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Booster acceleration cycles
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Booster Chipmunk Detector Array Response
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TLM response as function of detector position

TLM response to controlled beam loss with
2 detector orientations

1600

Y F 283.53x + 0.3676 R? = 0.9998
140

1200 / /'
1000

O /./ ¢ orientationl
Q800 . _
/’/ B orientation 2
600 ——Linear (orientationl)
/ —— Linear (orientation 2)
400

¥ =284.15¢+ 1.7435 R2 = 0.9998

200

0

2.00 3.00
E12 protons
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TLM response as function of detector
bias for 2 gas types

Unnormalized178.5' TLM Response Normalized 178.5' TLM Response
400 MeV Protons 400 MeV protons
2 detector gases at 2 Intensities 2 detector gases at 2 Intensities

100 1

£ 3Eest Saeer,
BaRRRSSREEP!

4
’

Aargon, 3E12ppp Aargon, 3E12ppp

X argon, 0.5E12ppp X argon, 0.5E12ppp

nC/E10 protons

¢argon-CO2, 3E12 ¢ argon-CO2,
PpPP 3E12ppp

Eargon-CO2, 0.5E12 Hargon-CO2,
pPpPpP 0.5E12ppp

0 500 1000 1500 2000 0 500 1000 1500 2000
TLM Bias (volts) TLM Bias (volts) A. Leveling
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Chipmunk response for Booster 400
MeV beam loss

VL11 395 A
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TLM response for Booster 400 MeV
beam loss

TLM Integrated charge vs lost protons

20000

18000

16000

14000

=@=argon - bias=500 volts

12000

LC) 10000 ¢—argon/CO?2 - bias=800
volts

8000 ——Linear (argon - bias=500
/ volts)

|

|

6000 o
/
4000 a3

2000 =4y = 14.116x - 57  R? = 0.9998
0

0 200 400 600 800 1000 1200
E12 protons

——Linear (argon/CO2 -
bias=800 volts)

A. Leveling




B

49 10/7/14

TLM trip level determination of Booster
400 MeV beam loss

<€— Proposed TLM trip limit

<€———Booster beam power

<€ 180’ TLM response

A thirty-eight day operating period July 14 -> August 21, 2014

A. Leveling
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Booster TLM trip level

o Assume 2400 nC/min TLM trip level
o For VL11 loss (+39.5 A):

o0 44 mrem per 2.7E17 protons
o 0.14 nC/1E10 protons

(2400 nC/minute) *(1E10 protons/0.14 nC)* (44 mrem/2.7E17 protons)
= 1.7 mrem/hr

A. Leveling
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NuMI TLM

o Four 200’ detectors connected in series
(covers 800°of beam line)

o Runs from MI through Pre-Target

o A scarecrow is used for groundwater
protection
o TLM responses recorded for past 12 months

o Observations:
o Normal losses
o The single point beam loss on 2/5/14

A. Leveling
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“Bafty Ctsm

| | Scarecrow in NuMlI tunnel
Kb i | (existing GW protection)

800’ TLM response

NuMI| beam power

A seven day operating period August 20 -> September 4, 2014
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po ,:;.-;:e-r-.;.:F;;fi*;!:ﬁﬁ;r*.:l,.t.i_ e ‘
Summary. - SRR

o Development began in May 2011

o Extensive detector response testing August 2011 to
present

o Preliminary approval granted by Fermilab ESH&Q
in May 2014

o Full demonstration application begins October
2014

o Entire Booster Ring covered by 8 systems
o In parallel with the existing system of 48 chipmunks
o One redundant detector cable

o Accelerator Division will seek final approval of the
system in CY2015

A. Leveling
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Penetration| Color | Total Number Description of R | d 400MeV Exit Dose Rate 8GeV Exit Dose Rate Notes on
Type Code | of Each Type P i (ft) | (ft) (mrem/pulse) (mrem/pulse) Exit Dose Rates
1 151 19' long single-leg 6.5" by 6.5" p i 3.30[1.38 3.17E-03 3.48E-02 with 12' of poly beads (MARS attenuation for single pen. used)
2 4 16.6' long single-leg 6.5" by 6.5" penetration in ceiling of Period 23 4.60[1.33 1.84E-03 2.02E-02 with 12' of poly beads (MARS att: tion for single pen, used)
3 8 Four-leg, 6" di; circular per ion in Period 2 3.30/1.38 4.42E-12 4.85E-11 for an empty penetration
4 17 16.25' long single-leg 6.5" by 6.5" p ion high on wall of Period 13 2.50 | 6.27 3.58E-04 3.93e-03 with 12' of poly beads (MARS attenuation for single pen. used)
5 12 Three-leg, 5" di circular penetrations from Periods 4 & 5 to West B Tower |3.30|1.38 4.15E-14 4.55E-13 for an empty penetrati
None N/A No per in this region N/A | N/A N/A N/A N/A
Labyrinth N/A Some kind of labyrinth N/A | NJA N/A N/A labyrinth calculations are not included here
Regions of Booster Losses per Recent Color Category 7A Shielding Based on Color
AD ES&H Initial Entry Surveys Code 2013 Loss Study Data Scaled to 8GeV Code
Losses 2 5 mR/hour Sufficient Extant Longitudinal Shielding
Losses 2 20 mR/hour Insufficient Extant Longitudinal Shielding
Losses 2 100 mR/hour Insufficient Extant Transverse Shielding
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Detector Cable

o HJ5-50, HELIAX® Standard Air Dielectric
Coaxial Cable, corrugated copper, 7/8 in,

o black PE jacket
o About $8.50/foot

A. Leveling
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Interrelationship and Features of
Chipmunk Electrometer,
RSS, MUX, ACNET, and Lumberjack systems

TTL

RSS interlobk card

-y
1.D. wolta
z;'ls.afe voltage

v

Safety System Server

cDC

Y

safety system
ML Display

permit system

beam

I

status -

interlock

l

'

MU weskly reports

available 7 to 10 days
post operation

poor data resolution
(60 minute bins)

v

ES&H Section Repeater

v

ACNET Front End
(RODLOSS)

v

A J

Safety System Display

datalogs for 5 minutes
fallowing a trip

no additional data

logging capability

Y

ACMET Controls System

'

Lumberjack data logger

'

Real time plotting
two buffers for each device
G RDXE XX
G RAN XK,
allows tuning on losses

Instant data retrieval
allows analysis of
fault conditions and trends

A. Leveling
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