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A few de�nitionsDatapoints, Cy
les and S
ansCy
le: An simple experimental 
y
le 
onsisting of Preparation, manipulation,dete
tionDatapoint: One datapoint 
onsists of several repeated 
y
les (typi
ally50-100) with the same parametersS
an: One s
an 
onsists of several datapoints with a single varied parameters
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onsisting of Preparation, manipulation,dete
tionDatapoint: One datapoint 
onsists of several repeated 
y
les (typi
ally50-100) with the same parametersS
an: One s
an 
onsists of several datapoints with a single varied parametersSyn
hronous and Asyn
hronous signalsSyn
hronous: Determinist
ally swit
hed in one experiment 
y
leAsyn
hronous: Swit
hed between two experiments (may be varied in a s
an)
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Fun
tionality
The Box is responsible for all syn
hronous signals in the experiment.Timing and program 
ontrol 
ontrolMinimum time step: 10nsAllows simple 
ontrol �ow te
hniquesin�nite loops�nite loops
onditional jumps (do something if trigger is high)
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tionalityDigital outputsSyn
hronous exa
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tly timed digital outputsMinimum time step: 10nsRadio frequen
y outputsFrequen
y from 1 .. 300 MHzSwit
hing time: several 100nsPulse shaping possiblePhase 
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Versions of the BoxHardware versions�Main Board� (Sequen
er): Same version for all installs (Rev. C.)Breakout board, Synthesizer, Variable Gain ampli�er:New version (Autumn 2008)Di�erent versions (homebuild vs. Evaluation boards)Software Versionssequen
er and sequen
er2Complete rewrite of the software for the new DDS boards (autumn 2008)Faster, 
leaner 
ode. Almost 
ompatible with old software
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Blo
k Diagram
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Communi
ation with 
omputer
Communi
ationCommuni
ation with the 
ontrol 
omputer is realized over a standardnetwork proto
ol.No additional drivers for the 
omputer are ne
essaryThe Box needs a IP address within a small subnet (192.168.0.220..255)Communi
ation is done over a spe
i�
 proto
ol (pulse transfer proto
ol PTP)PTP 
ore of the box saves program into memory
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Timing and program �ow 
ontrol
Program �ow 
ontrolA simple homebrew �mi
ropro
essor� is the heart of the box (Pulse 
ontrolpro
essor PCP).PCP Fet
hes instru
tions from memory and exe
utes it.Possible instru
tion 
lasses:Pulse: Set the digital output to value Xjump: Program �ow 
ontrol (jump if trigger, ...)wait: Halt pro
essor for a 
ertain amount of 
lo
k 
y
lesstart/stop pro
essor
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hindler () The pulse sequen
er September 4, 2008 10 / 61



Radio frequen
y pulse generation
Radio frequen
y pulse generationWith the help of dire
t digital sysnthesizerPhase 
oherent swit
hingArbitrary pulse shapes possibleMore explanations later
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Digital output system
Digital output system16 digital outputs freely available on3.3 LVTTL standardShould be 5V TTL 
ompatible
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Blo
k Diagram
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What is an FPGA
Field Programmable Gate ArrayRe
on�gurable Logi
 devi
eContainsLogi
al Units (LUTs)Memory blo
ks (RAM)Mulitpliers, PLLDevi
e used in the sequen
er has more than 12,000 LUTsHas only volatile memory. →Has to be reprogrammed at every power up.Dedi
ated non volatile memory for programming the devi
e.
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How to program an FPGAProgramming optionsTwo Di�erent Possibilities:JTAG: Standard interfa
e used for almost all mi
ropro
essorsA
tive Serial Programming: Only with the dedi
ated non volatile memory fromthe FPGA vendor.Astive serial programming is used for non volatikle programmingProgramming software 
an be downloaded from http://www.altera.
omDebugging the FPGAWith the JTAG interfa
e it is possible to debug the FPGAThe synthesis / programmer software has the option to add a logi
 analyserto the FPGAThis logi
 analyzer transfers data to the PC via the JTAG interfa
ePhilipp S
hindler () The pulse sequen
er September 4, 2008 16 / 61
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FPGA �rmwareFirmware overview
I2C
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PCP COREPTP CORE

ETHERNET RAM
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TTL out

Firmware overviewPTP Core: Handles data transferRAM: On board memory fr sequen
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Dire
t Digital SynthesisOverview of dire
t digital synthesis
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Dire
t Digital SynthesisOverview of dire
t digital synthesis
Prin
iplePhase register keeps tra
k of 
urrent phase.Current phase is 
onverted to an amplitude.Digital Amplitude is 
onverted to an analog signal.Philipp S
hindler () The pulse sequen
er September 4, 2008 18 / 61



Dire
t Digital SynthesisThe phase wheel

The phase wheelOne 
y
le in the phase wheel 
orresponds to 2π phase di�eren
e.Bigger step size 
orresponds to higher frequen
y.Philipp S
hindler () The pulse sequen
er September 4, 2008 19 / 61



Dire
t Digital SynthesisHow is the frequen
y 
al
ulatedEvery 
lo
k 
y
le the phase register is in
remented by a 
ertain amountThe in
rement nin
 determines the frequen
yfout = f
lo
k nin
232The frequen
y resolution depends only on the referen
e frequen
y
δfmin = f
lo
k 1232 = 800MHz 1232 ≈ 0.1HzThe maximum output frequen
y is determined by the sampling theorem:fmax ≈ 0.4 f
lo
kPhilipp S
hindler () The pulse sequen
er September 4, 2008 20 / 61



Phase Coherent Swit
hingWhat is phase 
oherent swit
hing?
a
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Phase Coherent Swit
hing
Realization of phase 
oherent swit
hingFor every di�erent frequen
y used in one 
y
le a seperate phase register isneededThe DDS has only one phase registerThe FPGA in
ludes 16 independent phase registers
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Making pulse shaping work
Generating pulse shapesPulse shapes are generated with an variable gain ampli�er (VGA)This VGA is 
ontrolled by a digital to analog 
onverter (DAC)The DAC is 
ontrolled dire
tly by the sequen
er
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The Software

Experiment computer Programmable pulse generator

TCP
socket

LabView

Python serverGeneral experiment control

End user layer

API layer

PCP instructions

PTP
pulse

programmable

generator
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How does a pulse program look likeAPI layer# Doppler 
 o o l i n gs e t_ t t l ( " dopp l e r " , 1)wa i t ( doppler_t ime )s e t_ t t l ( " dopp l e r " , 0)# Genera te 
ohe r en t p u l s eswit
h_on_dds ( f r equen
y , phase , amp l i tude )wa i t ( r f_t ime )swit
h_off_dds ( )# De t e 
 t i o ns e t_ t t l ( " d e t e 
 t i o n " , 1)wa i t ( de te
 t i on_t ime )s e t_ t t l ( " d e t e 
 t i o n " , 0)
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What does the 
ompiler do
Compiler overviewDe
ode 
ommand string from LabView
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Communi
ation with LabView
LabView 
ommuni
ationCommuni
ation is realized over a TCP 
onne
tion
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LabView 
ommuni
ationCommuni
ation is realized over a TCP 
onne
tionCommuni
ation with LabView is handled in 3 steps:LabView sends 
ommand string to serverServer returns to LabView that he started the 
ompilationServer returns results of 
ompilation to LabView (errors, PMT events,
ompilation time)
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Communi
ation with LabView
The 
ommand stringExample 
ommand string:NAME,test_ttl.py;TRIGGER,NONE;FLOAT,duration,3.4;Obje
ts 
ontained in the 
ommand string:name of the sequen
etrigger optionsequen
e variable de�nitionstransitions (frequen
y, amplitude, shape, ...)initial value of TTL 
hannels
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Communi
ation with LabView
Sequen
e syn
hronizationServer reports 
ompilation su

ess to LabView
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Communi
ation with LabView
Sequen
e syn
hronizationServer reports 
ompilation su

ess to LabViewLabView waits until a dedi
ates TTL output on the Box is set high (QFPTrigger)
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Communi
ation with LabView
Sequen
e syn
hronizationServer reports 
ompilation su

ess to LabViewLabView waits until a dedi
ates TTL output on the Box is set high (QFPTrigger)LabView triggers the Box (Box Trigger)QFP Trigger toggles to lowAfter the sequen
e is �nished QFP Trigger is toggled to high again.
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Error Handling
Basi
 error handlingLabView displays error message from server in left upper 
orner.Sequen
er2 error handlingMore �exible error handling possible with the sequen
er2Distinguish between di�erent error 
lassesLog errors to di�erent �les

Philipp S
hindler () The pulse sequen
er September 4, 2008 31 / 61



Outline1 What is the boxGeneral overviewHardware OverviewSoftware Overview2 A guided Tour for installing the BoxSetting up the systemIntrodu
tion to the sequen
e language3 Further Development
Philipp S
hindler () The pulse sequen
er September 4, 2008 32 / 61



Software
Where to get the softwareFrom webpage: http://pulse-sequen
er.sf.netFrom mer
urial repository on annaPrerequisitesPython 2.4 or higher (2.5 re
ommended) from www.python.orgMer
urial if you want to use the latest repository version fromwww.seleni
.
om/mer
urial/ (Use TortoiseHG)A python 
ompatible text editor (Not Notepad !!!)
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Whi
h version of the server to use?
Whi
h version?If possible use the sequen
er2 softwareUse the old software only if you are using the old DDS/breakout boardMigrating to sequen
er2Communi
ation for LabView is identi
alSyntax of Pseudo XML �les is identi
alSyntax of 
ommands is similarIn
lude �le handling has 
hanged fundamentally
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Installing the server
Installing the softwarehg 
lone [path_to_anna℄/home/
al
ium40/ControlPrograms/sequen
er/sequen
er2use TortoiseHG insteadCon�guration �le lo
ated in: 
on�g/sequen
er2.ini
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Con�guring the server
Con�guring the serverCon�guration �le lo
ated in: 
on�g/sequen
er2.iniParameter Name Valuebox_ip_address See PTP manualDIO_
on�guration_�le Your hardware 
on�guration �le�le sequen
e_dir The dire
tory of your sequen
e �les�les in
lude_dir The dire
tory of your in
lude �lesnonet Falsereferen
e_frequen
y Your DDS referen
e frequen
y
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Testing the Box without QFPTest 
ommuni
ation to box�No PTP reply re
eived� → problem with the networkUse wireshark to 
he
k network tra�
 www.wireshark.orgHardware testingHardware testing framework availableTest the Bus 
able and bus 
onne
tivity to the FPGA on the DDS boardTest TTL output systemTest the DDSChe
k README �le of sequen
er2Philipp S
hindler () The pulse sequen
er September 4, 2008 37 / 61
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Testing the Box with QFP
PrerequisitesChe
k QFP hardware 
on�guration �le lo
ationChe
k 
hannel number of QFP Trigger (PB_TRIG)Che
k trigger input of Box TriggerGood Lu
k
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Common Mistakes
Common errorsBox trigger 
hannel in
orre
tQFP trigger 
hannel in
orre
tNo 
onne
tion between server and box (no PTP reply re
eived)LabView uses 
omma (,) instead of dot (.) as a de
imal seperator
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A Python primerA simple example:i f some_boolean == True :p r i n t " h e l l o  True wor ld "e l s e :p r i n t " h e l l o  Fa l s e  wor ld "p r i n t " He l l o  to  a l l  wor l d s "A few more words:Variables may be used without de�ning them beforehandPython is a dynami
 language. Variable types may 
hange during runtimePython uses indentation instead of bra
kets for identifying blo
ksPhilipp S
hindler () The pulse sequen
er September 4, 2008 41 / 61



A Python primerData types# An i n t e g e r :X = 12# A f l o a t i n g po i n t number :Y = 32 .123# Conve r t an i n t e g e r to a f l o a t i n g po i n t :f loat_X = f l o a t (X)# Conve r t a f l o a t i n g po i n t to an i n t e g e rint_Y = i n t (Y)# A s t r i n g :t e x t = " He l l o  wor ld "t e x t = ' " He l l o  wor ld '# Conve r t an o b j e 
 t to a s t r i n g :str_Y = s t r (Y)#A l i s t o f i n t e g e r s :l i s t 1 = [32 , 65 , 76 , 45 ℄#L i s t s may have d i f f e r e n t da t a t yp e s as i t emsl i s t 2 = [234 . 45 , " t e s t " , 54 ℄Philipp S
hindler () The pulse sequen
er September 4, 2008 42 / 61



A Python primerFor loopsf o r i n d e x i n range ( 1 0 0 ) :p r i n t i n d e xe x amp l e_ l i s t = [ 1 , 2 , 3 , 4 , 6 ℄f o r i t em i n e x amp l e_ l i s t :p r i n t i t emA few more words:For loops iterate over an iterable obje
t.Iterable obje
ts are:ListsStringsDi
tionariesPhilipp S
hindler () The pulse sequen
er September 4, 2008 43 / 61



Python Got
has
Always use good programming pra
ti
es
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Python Got
has
Integer division 1 / 2 = 0The default division operator for two integer numbers is an integer.Be 
areful when de�ning your variables
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Python Got
hasEs
ape 
hara
ters �lename = '
:\ new�le \ �le .dat'In strings the ba
kslash (\) 
hara
ter is an es
ape 
hara
ter. This meansthat:\n resembles a newline\t resembles a tabulator... and a few moreFilenames should be de�ned with shlash (/) instead of ba
kslash:�lename = '
:/ new�le / �le .dat'Be 
areful when de�ning your variablesPhilipp S
hindler () The pulse sequen
er September 4, 2008 46 / 61



Python Got
hasPython uses referen
ing to variablesa = b = 3a = 4p r i n t a , b# P r i n t s 4 , 3a = [1 , 2 , 3 ℄b = aa . append (4)p r i n t b# P r i n t s [ 1 , 2 , 3 , 4 ℄p r i n t a# P r i n t s [ 1 , 2 , 3 , 4 ℄In the integer 
ase the se
ond assignement of a is a di�erent obje
t.In the list 
ase the operator 
hanges the obje
t, and both a and b refer tothe same obje
t.For 
reating a 
opy use the 
opy fun
tionPhilipp S
hindler () The pulse sequen
er September 4, 2008 47 / 61



Further reading on python programmingMore informationPython website: http://www.python.orgSoftware 
arpentry: http://www.sw
.s
ipy.org/Dive into python: http://diveintopython.org/Python pitfalls:http://zephyrfal
on.org/labs/python_pitfalls.htmlHelpful toolspylint stati
 
ode 
he
ker: http://www.logilab.org/857Ipython intera
tive python shell http://ipython.s
ipy.orgPython plugin for e
lipse: http://pydev.sour
eforge.netKomodo Edit: http://www.openkomodo.
omPhilipp S
hindler () The pulse sequen
er September 4, 2008 48 / 61
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Creating a simple sequen
e �le
Pseudo XML �le stru
tureSequen
e �les use a markup stru
ture similar to HTML, XMLSequen
e �les are not valid XML �lesPossible Markups:<VARIABLES>De�ne sequen
e variables here<TRANSITIONS> De�ne transition parameters here (Double pass AOM, ...)<SEQUENCE> The python 
ode for the sequen
eMore Markups for LabView use ...
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Creating a simple sequen
e �leA simple example# De f i n e the sequen
e v a r i a b l e s x t<VARIABLES>det_time=s e l f . s e t_va r i a b l e ( " f l o a t " , "det_time " ,100000 .000000 ,0 .01 ,2 e7 )</VARIABLES># The save form s p e 
 i f i e s whi
h data w i l l be saved and how , when a s
an i s pe r fo rmed .# I f t h i s i s omi t t ed a s t anda r d form i s used<SAVE FORM>. dat ; %1.2 fPMT
ounts ; 1 ; sum ; ( 1 :N) ; %1.0 f</SAVE FORM># Here the sequen
e 
an o v e r r i d e program paramete r s . Syntax f o l l o w s from "Write Token to Params . v i "<PARAMS OVERRIDE>A
qu i s i t i onMode f l u o r e s 
 e n 
 eDOasTTLword 1Cy
 l e s 1</PARAMS OVERRIDE># The sequen
e i t s e l f<SEQUENCE>t t l_p u l s e ( [ "3" , "5" ℄ , det_time )</SEQUENCE># Some spooky LabView s t u f f<AUTHORED BY LABVIEW>1</AUTHORED BY LABVIEW>Philipp S
hindler () The pulse sequen
er September 4, 2008 50 / 61



De
laring variablesDe�ning variables# De f i n e the sequen
e v a r i a b l e s x t<VARIABLES>#Syntax Example :sequen
e_var = s e l f . s e t_v a r i a b l e ( " va r i a b l e_type " , " var iab le_name " , \d e f au l t_va l , min_val , max_val )#More examplesf l o a t_va r=s e l f . s e t_v a r i a b l e ( " f l o a t " , "name f o r  l a b v i ew " , 10 , 0 , 1 00 . 0 )in t_var=s e l f . s e t_v a r i a b l e ( " i n t " , "name f o r  l a b v i ew " , 10 , 0 , 100)boo l_var=s e l f . s e t_va r i a b l e ( " boo l " , " det_time " )</VARIABLES># Use the v a r i a b l e s d e f i n e d abo
e d i r e 
 t i n the python s 
 r i p t<SEQUENCE>i f bool_var :t t l _pu l s e ( [ "3" , "5" ℄ , det_time )e l s e :f o r i tem i n r ange ( in t_var ) :t t l_p u l s e ( [ "3" , "5" ℄ , det_time )</SEQUENCE>The variables blo
k is analyzed by LabView and the variables are available inLAbView as well.Philipp S
hindler () The pulse sequen
er September 4, 2008 51 / 61



CommandsTTL pulsettl_pulse (devi
e_key, duration )RF pulse:rf_pulse(theta , phi , ion , transition_param, address=0)Bi
hro RF pulserf_bi
hro_pulse(theta , phi , ion , transition_param, transition2_param, address=0, address2=1)Swit
h on DDS:rf_on(frequen
y, amplitude, dds_address=0)Pause:seq_wait(wait_time)Philipp S
hindler () The pulse sequen
er September 4, 2008 52 / 61



TTL PulsesUsage of the TTL pulse 
ommand# Pul s e two 
hann e l s at the same t imet t l_pu l s e ( [ " 
hanne l  name1" , " 
hanne l  name2" ℄ , p u l s e_du r a t i o n )# Pu l s e a s i n g l e 
hanne lt t l_p u l s e ( " 
hanne l  name" , pu l s e_du r a t i o n )Using the is last statementThe TTL 
hannel names are de�ned in the LabView settings editorSet the DIO type to PB for a non inverting 
hannelSet the DIO type to !PB for an inverting 
hannelIt is possible to 
reate pulses with multiple 
hannels at on
e.Philipp S
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Creating Frames
Using the is last statement# Add the o p t i o n a l keyword i s_ l a s t to not r e s e t the s t a r t t ime# I s l a s t i s True i f i t i s omi t t ed# Crea te a p u l s e from t ime 0 to 100t t l_p u l s e ( [ "3" , "5" ℄ , 1 00 , i s _ l a s t=Fa l s e )# Crea te a p u l s e from t ime 50 to 130t t l_p u l s e ( [ "1" , "4" ℄ , 8 0 , s t a r t_t ime =50)#Crea te a p u l s e from 130 to 330t t l_p u l s e ( [ "3" , "7" ℄ , 2 00 )
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Transitions
The transition obje
tNormally the transition data is transferred from LabView to the server.Transition data in
lude:Frequen
y and amplitude of RF pulseRabi frequen
ies for ea
h ionPulse shapeIt is possible to de�ne transitions dire
tly in the sequen
e �le.
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RF PulsesGenerate RF pulses# Gene ra t e an RF pu l s er f_pu l s e ( theta , phi , ion , " t r an s i t i on_name " )# Example :# Gene ra t e a p i p u l s e wi th phase 0 on i o n one# The t r a n s i t i o n i s the one d e f i n e d i n LAbView as " 
 a r r i e r 1 "r f_pu l s e (1 ,0 ,1 , " 
 a r r i e r 1 " )Swit
h on a single DDSrf_on(frequen
y, amplitude, dds_address=0)
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Using an in
lude �leIn
lude �lesIn
lude �les de�ne new 
ommands based on the basi
 
ommands shownaboveGenerate an in
lude �le for every part of your sequen
e.#An example o f a s equen
e with i n 
 l u d e s :<SEQUENCE>Dopple rCoo l ( )S idebandCoo l ( )r f_pu l s e (1 ,0 ,1 , " 
 a r r i e r 1 " )PMTDete
tion ( )</SEQUENCE>
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Creating an in
lude �leCreating in
lude �lesIn
lude �les use only basi
 
ommandsIn
lude �les may send a variable ba
k to LabView# Def ine a Python f u n 
 t i o n with an o p t i o n a l parameterdef PMTDete
tion ( pmt_dete
t_wait =2000):"""Gene ra t e s  a PMT readout  
 y 
 l e    �param pmt_dete
t_wait :  Dura t i on  o f  r eadout  
 y 
 l e    """# We need to send a r e t u r n s t r i n g to LabViewprevious_pm_
ounts = get_return_var ( "PM Count " )i f previous_pm_
ounts != None :new_pm_
ounts = previous_pm_
ounts + 2e l s e :new_pm_
ounts = 2add_to_re tu rn_l i s t ( "PM Count " , new_pm_
ounts )# Gene ra t e the Pu l s e s and wa i t 50 muse
sPMT_trigger_length = 1t t l_pu l s e ( "PMT t r i g g e r " , PMT_trigger_length , i s_ l a s t=Fa l s e )t t l_p u l s e ( "PMT t r i g g e r " , PMT_trigger_length , s t a r t_t ime=pmt_dete
t_wait )seq_wait (50 )Philipp S
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Firmware Development
Further �rmware developmentAdd a 
ounter to the trigger inputs. → Conditional rotations.Use FPGA on DDS board to generate pulse shapes → Faster 
ompilationtimesAdd simple mathemati
al fun
tions to the PCP 
ore......
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Software Development
Further software developmentAdd frequen
y 
hirped pulses (soon)Add Trigger 
ommands to the end user layerCurrently developed (by Max)Control of the analog outputs of NI6711 output 
ardPossibility to generate long voltage ramps
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Read the dou
mentation I
innsbru
k-do
 for the p
pavailable at http://pulse-sequen
er.sf.netMaster's thesis of Paul Phamavailable at http://pulse-sequen
er.sf.netA Te
hni
al Tutorial on Digital Signal SynthesisAnalog Devi
eshttp://www.analog.
om/UploadedFiles/Tutorials/450968421DDS_Tutorial_rev12-2-99.pdf
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