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What am | going to talk about today ?

Between 2013 and 2016 a large
group of US scientist has built a new
camera for the CMS experiment at
the CERN Large Hadron Collider

It was installed in March 2017 and
has been operational since then

This is a story of why and how we've
built this new camera

| will try to use analogies from our
normal lives to make things
understandable

A new gem inside the CMS detector

March 23, 2017 | Sarah Charley

Sometimes big questions require big tools. That's why a global community of scientists desic
the high-energy particle collisions generated by CERN'’s Large Hadron Collider in Geneva, S
can refrace the footsteps of the Big Bang and search for new properties of nature.

The CMS experiment is one such detector. In 2012, it co-discovered the elusive Higgs bosor

About CERN Students & Educators Scientists CERN community
\ Updates Opinion Official communications Announcements Events Staff Association
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CMS pixel tracker transplant:
everything went well so far

by Achintya Rao

Brice/CERN)
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http://news.fnal.gov/2017/03/new-gem-inside-cms-detector/
http://news.fnal.gov/2017/03/new-gem-inside-cms-detector/
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A camera ? Don’t you guys use detectors ?

CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter : 15.0m Pixel (100x150 ym) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field :3.8T ‘
SUPERCONDUCTING SOLENOID

Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

$& Fermilab
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A camera ? Don’t you guys use detectors ?
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The role of the pixel detector (i)

The pixel detector is part of the tracking system:
 ldentify the trajectories of charged particles

« Measure their momentum from the bending in the magnetic
field

« Reconstruct primary and secondary vertices
 ldentify tracks not pointing to a primary vertex

e N — R & 5757 .. 1 S =
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The role of the pixel detector (ii)

9" diameter

Light quark (u,d,s) jet

b,c,t Jet
2% Fermilab
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Why did we need a new one ? (i)

Just like in a normal household, when the kids discover
Snapchat, you need to increase the bandwidth of your internet
connection...

Xfinity from Comcast Internet Pricing

Download Speeds

Internet Package Introductory Price

Up to
Performance Starter 10 Mbps 529.99/mo.*
Performance 25 Mbps $39.99/mo.*
Performance Pro 100 Mbps 549.99/mo.*
Blast! Pro 150 Mbps $59.99/mo.*

2 more rows

Comcast Internet Plans | XFINITY Internet Prices and Packages
https://www.cabletv.com/xfinity/internet

In the case of CMS:
« kids on Snapchat = events (we've got a lot of kids)

e parents complaining = experiment’'s boss (we are not

collecting data)

2% Fermilab
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Why did we need a new one ? (ii)

CMS Prehmmary 2017
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The old detector was designed to work at L=1x10%*cm~=s, started

being inefficient (loose images) at L=1.5x103%*cm-s,

New detector can survive up to L> 2x1034cm—?s1
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This comes at a cost....

The old detector had 672 modules (households) at 40 Mbps

The new detector has the same number of modules, but they
operate at 320 Mbps (8 times faster)

What happens when you ask Comcast to go faster ?
« Your bill increases
 Comcast may want to replace your modem

« Usually they don’t change the cable from your house /
apartment to some box in the back alley

* You don’t know what happens there ........

Upgrade Your Owned Modem. If you want to enjoy our faster Internet
speeds, such as Blast!, a DOCSIS 3.0 or above modem is required. ...
If you rent equipment through Comeast and have been notified that
you are eligible for an upgrade, please visit
www.xfinity.com/equipmentupdate.

How to Upgrade Your Modem - Xfinity

https://www.xfinity.com/support/articles/using-your-own-modem-with-new-speeds

£& Fermilab
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In the case of CMS

Replacing the modem

 New data acquisition system (receive ~7 HD movies per
second, old system could handle only 1)

Keep the cable
* In this case they are optical fibers
Change the equipment in the back alley

« This is the data source, the chip that translates the signal in
the detector into a digital data stream (Netflix on steroids)

£& Fermilab
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How do we see images ?

Image Sensors as Fast As Possible

.
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MORE VIDEOS
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How does a digital camera work ?

Image Sensors as Fast As Possible

— BAYER FILTER

Microlenses

MORE VIDEOS

P o) 1247550 @ £ Youlube {3

https://nofilmschool.com/2015/12/how-hell-do-digital-camera-sensors-actually-work

https://electronics.howstuffworks.com/cameras-photography/digital/question362.htm

$& Fermilab
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https://electronics.howstuffworks.com/cameras-photography/digital/question362.htm
https://nofilmschool.com/2015/12/how-hell-do-digital-camera-sensors-actually-work

How a silicon detector works (1 pixel)

Amplifier

Voltage source

A particle passing through the silicon liberates charges
(electrons) that are then collected on an electrode thanks to the
external electrical field

If you collect the signal on the electrode and amplify it, you can
get a measurement of the energy left by a particle in the silicon
(typical charge 24,000 electrons)

£& Fermilab
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Why don’t you go online and buy it ?

iPhone X

Video RBCOI’diI‘Ig 4K video recording at 24 fps, 30 fps, or 60 fps
1080p HD video recording at 30 fps or 60 fps

720p HD video recording at 30 fps

« 457 megapixels of extraordinary resolution, outstanding dynamic range and virtually m
« Upto 9 fps! continuous shooting at full resolution with full AF performance

« 8K and 4K time-lapse movies with new levels of sharpness and detai
« Tilting touchscreen, Focus Shift shooting mode, outstanding battery performance and

« 4K Ultra HD video recording, slow maotion up to 120 FPS at 1080p

The ultrohigh-speed FASTCAM SA-Z provides megapixel
image resolution at frame rates up to 21,000fps and
FASTCAM L Nl exceptional light sensitivity (monochrome I1SO 50,000)
v with 12-bit dynomic range delivering the ultimote
imaging performance. The FASTCAM 35A-Z provides
frame rates greater than 2 million fps ot reduced image
resolution and shutter speeds as short as 159
nanoseconds [export restrictions moy apply).

There is nothing on the market that meets our requirements

2% Fermilab
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Why are our silicon detector special ?
LHC beams collide at the center of CMS every 25 ns (40 million
times per second)

Each pixel in our detector stores the image for a few s, until we
decide that the image might be interesting (trigger)

At that point the image is transmitted outside of the detector (at
a rate of 100,000 images per second)

Differences with normal / fast commercial cameras

* Much higher data transmission rate at full resolution
« Store data locally until trigger decision

« Radiation hardness

£& Fermilab
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Trigger

LHC beams collide every 40 million times per second
« Multiple proton-proton interactions per bunch crossing

We cannot record all the collisions, storing/processing
costs/time would be too large

« Use lower granularity features of event (other detectors,
pixel detector not used Iin this process) to decide which
collisions are interesting

« This is the same job as the fashion magazine photo editor
choosing the right photograph among the 100s shots of
the same model with the same outfit

£& Fermilab
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Trigger example (i)

What do we have in these three pictures ?
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Trigger example (ii)
| took a few thousand pictures last Summer

Here | have a picture of a bird, of an airplane, and bisons

At low resolution can you tell me which is which ?
F _‘

You know that the picture on the left contains bisons, but
only because | told you so, it could be something else...

Let’s increase the resolution

$& Fermilab
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Trigger example (iii)

| took a few thousand pictures last Summer

Here | have a picture of a bird, of an airplane, and bisons

At Iow resolutlon can you tell me which is which ?

It's pretty obvious which one is the bird and which one is the
airplane... but can you recognize the bird ?

$& Fermilab
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Trigger example (iv)
| took a few thousand pictures last Summer

Here | have a picture of a bird, of an airplane, and bisons

At low resolution can you tell me which is which ?
: q?t\"}ﬁ&’ .t1"§
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The CMS trigger works exactly in the same way... First you
look at low resolution data to distinguish an object in the sky
from animals on the ground

Then you increase the resolution and distinguish the bird

from the plane

$& Fermilab
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Data analysis

When you have the full resolution, you can see that this is
some sort of hawk (I am not a birding expert....)

2% Fermilab
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Radiation Hardness

The central part of the CMS detector sees harsh conditions
(up to 200 Mrad, 1 krad is deadly for humans)

Health effects [edit]

Main article: Radiation poisoning

A dose of under 100 rad will typically produce no immediate symptoms other than blo
acute radiation syndrome, (ARS) but is usually not fatal. Doses of 200 to 1,000 rad de
the range. Whole body doses of more than 1,000 rad are almost invariably fatal.l*l Th

Even electronics can be damaged by radiation (mostly
relevant for space satellites and LHC electronics)

Standard consumer electronics will not survive inside the
CMS detector

All electronics for pixel detector has been custom designed
to withstand the irradiation

Also the sensor gets damaged by irradiation

£& Fermilab
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How does radiation damage the sensor ?

Let’s play a very stran
There are 200 defend
each direction,onar
The defenders canno

O
O

*
0
0

se version of football

ors on the field, one every 5 yards in
gular grid

move

The running back starts at a random position on his goal

line and has to reach
The running back can
If the running back hi
How often does the r

It depends on the

he opposite goal line

only run straight

s the defender, game over

nning back score a touchdown ?
starting position on the goal line’

For some positiof the running back always scores

For others he ney

er scores
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How does radiation damage the sensor ?

Now assume that in a running-bafk / defender collision the defender

The probability that the running ack will be able to reach the other
end of the field will decrease with time

At a certain point the running bagk will no longer be able to score a
touchdown
One way to minimize radiation ddmage is to keep the sensors cold
(below 10 °F), this is equivalent t¢ the defenders not being able to
move if they are frozen in their inr’tial position.

can be displaced from his originatlposition

& Fermilab
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How does radiation damage the electronics ?

0 A similar thing happens inside the electronics
O Our circuits are desigmed in 250 nm technology (most
modern Intel CPUs arja at the 15 nm level)

*
0
0

Special designs are used for the elements of integrated
circuits to minimize the changes in response after
irradiation

& Fermilab
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So, you cannot order it on Amazon...

The entire pixel detector is custom made by a team of
scientists and engineers

27

Design the sensor and have it fabricated by a specialized
company (SINTEF, Norway)

Design the chips and have them fabricated by a
specialized company (IBM/ Global Foundries, VT)

Assemble the chips and the sensors together using
another specialized company (RTI/Micross, NC)

Add a printed circuit board to make modules (University of
Nebraska and Purdue University)

Test the modules (University of Kansas, University of
lllinois Chicago, Fermilab)

672 good modules are needed for the final detector, make
(many) more

7/1/2018 Marco Verzocchi - Building a 45 MP camera that tapes 100,000 fps
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The sensor (i)
This Is a very expensive
piece of silicon

Start from sand

Create a silicon ingot
Slice it thin (1/85th of an
Inch)

Use photolithography and
lon implantation to create
tiny electrodes (100x150
Hm)

8 sensors per wafer, cost
per wafer about $6,000

Each wafer has to be sliced
to extract the 8 sensors

2% Fermilab
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The sensor (i)
The fabrication process is
much like etching

Except that the details have
asize of 1 um

And instead of depositing
INk we deposit ions or
aluminum

The base of the wafer is a
silicon crystal

We then add ions (nitrogen,
phosphorus) to create the
electrodes, that are then
plated with aluminum

£& Fermilab
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The readout chip
The idea Is the same

Start from a silicon wafer

Deposit layers (9) of metal
and insulator to create
transistors

The feature size is ¥4 um
Each pixel cell (100x150
um) has an amplifier,
memory, control logic,
calibration circuits

A very complex object

~95 wafers, each with 244
chips, tested individually

2% Fermilab
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The module (i)
A module is made of 1 sensor, 16 readout chips, one flexible
circuit (with an additional chip on top)

672 good modules required to assemble the detector
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How do you put this together ? (i)
We need to make 4160*16 connections between each pixel of
the sensor and the corresponding channel in the readout chips

Place a small solder ball (50 um diameter) on each channel of
the readout chip, put the readout chip on top of the sensor

Cook everything at 250 °F for 5 minutes

$& Fermilab
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How do you put this together ? (ii)
Each readout chip needs power, control and trigger signal,
addresses, connections for the readout, ground

Need about 35 connections per readout chip

Put a flexible circuit on top of the sensor plus readout chip
assembly, make the ~500 connections

Each connection is made with a 35 um wire, 3mm long,
connected at both ends (erX|bIe circuit, readout chip)

MEAF & x80d

‘5!,,.,,MMMMMHMIM,.MMMMW
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The module (ii)

There is an additional chip to orchestrate the traffic of data from

the 16 readout chips, only 1 cable to send the data out
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The module (i)

There is an additional chip to orchestrate the traffic of data from
the 16 readout chips, only 1 cable to send the data out, and a
bias voltage connection for the sensor
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The module (iv)
And sometimes things don’t work and have to be fixed..
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And then you have to support all of this

he's got wifi

3¢ Fermilab
37 7/1/2018 Marco Verzocchi - Building a 45 MP camera that tapes 100,000 fps



Mechanical supports

The 672 modules are mounted on 24 half disks
(2 sizes, with 34 or 22 modules each)

Six disks (3 outer disks + 3 inner disks) are
mounted on a half cylinder support

Two half cylinders are mounted on each size (+Z
or —Z detector end) to surround completely the
CMS interaction point

This allows for detector insertion with the beam
pipe already in place

All the supports are made of carbon fiber

& Fermilab
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Why Carbon Fiber ?

Back to the football analogy ? As a running back, would you rather
have a defense made of 3 year old kids weighting 30 pounds, or a
real NFL defense ? Suppose you don’t have any offensive line......

A
3
Y

If the material particles have to go through is light, then they get

deflected less
We need to extrapolate back the trajectories to the point where the

particle was created
2% Fermilab
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Freezers & Ice Makers / Chest Freezers

Ke e p i t C O I d D Con\pare #206174617 Store SKU 21001470449

To minimize the radiation damage,
we need to keep the detector cold

(below 10 °F) e
The electronic components generate
a few kW of heating (it’s really a 18.58 in. 1,500-Watt
Oscillating Ceramic Tower
space heater) Heater o
Model# 447561
¥ K K (260) 3 -
Putting a space heater inside a $39%7
freezer is not a really smart idea, I —
you just waste electricity Out of stock at your
X store
Check nearby stores
2= Fermilab
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How to make ice cream

Ice + Rock salt

The salt melts the ice, this transformation
requires heat, which is taken away from the
milk (plus other stuff) in the canister

The milk freezes and transforms into ice
cream...

We do the same thing, except that we use CO,
under high pressure. Some of the CO, is in
liquid phase, other is in gaseous phase. The
CO, boils taking away the heat from the
detector.

Very efficient requires very small diameter
cooling tubes (few mm)
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Hamilton Beach 68330N 4-Quart
Automatic Ice-Cream Maker,Cream

52850 $3499 prime

NS Y 1,470

Morton Ice Cream Salt 4lb box (Pack
of 4)
More Choices from $31.99

Wilr i v 19
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Putting all together

Install all the modules on the mechanical supports, do all the
electrical / optical / cooling line connections

Test, and fix problems

Transport to Geneva (Switzerland), reassemble, test again
Install in the detector

Start taking data

All of this happened between June 2016 and March 2017

2% Fermilab
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Installing disks inside the half cylinder

We did this work three times

First at Fermilab (then removed the
disks for transport to CERN)

Then at CERN

Then a 2" time at CERN because we
found a problem and had to inspect /
replace some of the flexible cables
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Installation

]
2% Fermilab
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Installation
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Insertion
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Insertion
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Insertion
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Insertion
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The detector mstalled Inside CMS

2% Fermilab
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It was a success

There were a lot of problems during the construction
* Problems with the bump bonding company
* Problems with the flexible circuit

We are asking industry to do very difficult things
* Problems with welding the cooling lines

We were not fully prepared
* Problems with the aluminum flexible cables

Not the smartest design idea, too fragile

We ended up with >95% of the channels working
Dead channels caused by loose connection of a control signal plus
broken aluminum flexible cables

We were able to take data efficiently in 2017

2% Fermilab
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It was a success

Great team work

* Engineers and technicians from Fermilab and other institutions

e Scientific personnel (Fermilab scientists and postdocs, university
professors, graduate and undergraduate students, engineers)

Partially based on expertise from construction of original detector

It was a technical and scientific challenge (and at times a quite
stressful experience)

The reward is the science that can be made with this new
instrument

2% Fermilab
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It is not over .....

We have found a serious problem in a component of the detector
which if not solved would force us to turn off almost the entire pixel
detector during 2018

We have extracted the pixel detector (half of it so far, next half
comes out in 10 days) and we are replacing the faulty component

Probably this operation will have to be repeated next year (we hope
that by then we will have a real solution for the problem)

2% Fermilab
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