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Bose-Einsteln
Condensates

# State of Matter

# Very near absolute zero (few billionths of a degree
above absolute zero)

# Coldest place in the universe!

# \Wave-functions begin to overlap and particles
become indistinguishable (nA > 2.6)

# Predicted by Einstein and Bose in 1924

# Cornell and Wieman created first BEC in 1995 at
Boulder
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The Lab

# The goal of the lab is to have ultra-cold Rb in a 2-D
optical lattice w/ arbitrary potentials within a year

# Optical arbitrary potentials are better to make
configurations (harder to get running, easier to
change)

# Move really cold particles around easily
# 2-D physics is fun
# Fractional quantum Hall effect

# Model transistor gates at small scales



My Summer Project

#|ncrease my understanding of ultra-cold
physics

#Work on various projects in order to
optimize the apparatus

#Housekeeping

# Not doing anything specific



BEC Techniques

# Two steps used in order to make a BEC
# Laser cooling

# Evaporative cooling



Magneto-Optical Trap

# Photons impart a momentum equal to hk to an
atom before absorption

# Using the doppler shift one can allow light to
only be absorbed if it heads toward the laser
source (red detuned)

# Using magnetic trap (quadrupole coils) can
shift spectral line in a radial direction

# More likely to get pushed toward center of
trap
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Evaporative Cooling

#\We use a cross-beam dipole trap in order
to achieve evaporative cooling

#|_aser beam shifts energy levels of the
atoms due to Stark effect and induces
dipole moments

# Atoms attracted to higher laser intensity if
red-detuned (traps atoms in beam)

# Slowly decrease laser intensity to
decrease temperature



Coffee Cup Analogy

# Hottest particles escape
from the cup as steam

# Lower the walls of the
trap (decreasing
iIntensity of beam)

# Left with cold molecules




Cross-Beam Dipole
Trap

Atoms pulled to the crossing of
the optical beams



Acousto-optic
modulator (AOM)

# An iIncoming beam is split into two ordered
beams. The zero ordered diffraction passes
right through the AOM undeflected, but the
first order diffraction beam is deflected at a
certain angle

# By applying a certain voltage to the AOM
through a computer one can vary the intensity
of the diffracted beam

# Useful as an on/off switch and changing
frequency



# Calculated parameters for an AOM so first
order beam has an exponential decay

# Calibrated using LabView and
experimental measurements

# Wrote program which displays output
voltage, efficiency vs time plot, and volt
vs time plot for a given efficiency
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Project 2

# Modeling dipole trap capturing MOT atoms in free-fall

# Given various parameters will an atom from the MOT get collected into
the dipole trap

@ 3 Interactions to consider:
@ Gravity
¢ Dipole Trap Potential

@ Particle collisions (random collisions where force is determined by
Boltzmann distribution)

& Not much research has been done on capturing the MOT atoms into
the dipole trap

# People are mostly trying to optimize it by hand instead of running
computer simulations



MatLab Code 1

.00 Editor - /Users/chawkins/Documents/MATLAB/maxwelltrap.m
File Edit Text Go Cell Tools Debug Desktop Window Help
Pl = - T =S e b I

xasg]ﬂlﬁﬂ BB o o 3 - MB-- [DI‘va
Bl - (L0 + & [L1|x & @

1- | elear all FD

e syms Xy zwab M

3 - for i = 0:0

4 %constants

5 - permE = 8.854*10"-12; %permitivity of free space

& - e = 2,9979*10"8; %speed of light

T - CcE=1.602*10"-19; %charge of electron

g - mE=9.109*10"-31; %mass of electron

L omegal= 2 * pi*c/(780*10°-9); %D2 line of Rb

10 - gamma= 36.13*10"°6; %Hb D2 transition, from Steck

11 - mBEb = 87%1.672*107-27; %mass of Rb87

12 - hbar = 1.0546+107-34;

13 - a0=,529*10"-10; %bohr radius

14

15 - dawaist=2e-4; L

16 - daPower= 45; -

17 - dawavelength=1550*10"-9;

18 - U0 = 2*daPower*((-3*pi*c"2 * gamma)/(pi*daWaist"2 * 2 * omegald"3))*(l |—

19 - deltat = .00018; %in seconds

20 - beam waist = daWaist;

21 - pmass = mRb;

22 - zr = pi* beam waist"2/daWavelength;

23 - g = 9.8;

24 - endtime = .01; —

25

26 %cross trap angle =

27 - thetadeg = 90; —

28 - theta = (thetadeg+pi)/180;

29 — a = x*cos(theta) + z*sin(theta); %x direction with theta

30 - b = -x*sin(theta) + z*cos(theta); %z direction with theta _—

31

3z %Maxwell boltz dist constants

33 - kb = 1.38+%10"=237 %Boltzmans Constant

34 - T = 100e-6; %Kelwin

35 — deltaw = .005;

36 - endw = .4;

ar = numberdensity = LO“B/((4/3)*piv(le-3/2)"3); %10°8 atoms over lmm widi |..

g - Rbdiameter = 112*a0*2; %times by 2 to get diameter

39 —

40 %Photon absorb constants

41

42 - deltag = 30e6; %30 megahertz

43 - mQ = (hbar*2*pi)*3.412341305452145*1le6; %tSteck S-state data convertec |=

44 - omegal = Z*pirc/dawWavelength;

45 - dagamma = (omegal”3*m0~2)/(3*pi*permE*hbar*c 3);

46 - datau = 1/dagamma;

47 - Is = (piv(hbar*2*pi)*c)/(3*daWavelength”3*datau);

a8 - 30 = daPower/Is;

49 - wavek = Z*pi/dawavelength;

50 — beta = (-l*hbar*wavek”2)*((8*s0*{deltag/dagamma) )/ (1l+({2*deltag/dagamm

51

52 $potential energies (divided by mass)

53 - Utrap = (-1*(U0/(l+(b/zr)"2))*exp((-2*a"2-2*y"2)./(beam_waist"2*( 1+(b/

54

55 - Utrap z = diff(Utrap,z);

56 — Utrap y = diff(Utrap,y};

57 - Utrap x = diff(Utrap,x);

58

59 %initial values

&0 - zl = 0;

61 - vl = .5e-4; %does not escape from here ¥ =

62 %yl = le-2; %escapes from here B

63 - | xl = 0; ¥

[ = ) A
script |Ln i Col 1

File Edit Text Go Cell Tools Debug Desktop Window Help
~ - -2 = r ¥
x *Eﬁ@ﬂ BB S 3 - M B - 0O e
& -[10] + =+ 11] x o % @
685 #Graphing |i|
(13 time = Q:deltat:endtime;
&7 ypos = [yl];
[1:]
59 $Find initial potential energy due from dipole trap and gravity
70 U_plugx = subs(Utrap,x,x1);
71 U_plugz = subs(U_plugx,z,zl);
72 U_plugy = subs(U_plugz,y,¥l);
73
T4 tmaxwell-boltz dist (w = velocity)
75 fwl = (l)*sgrt((2/pi)*(pmass/kb*T)" " 3)*w 2*exp((-pmass*w 2)/(2*kb*T));
76 norm = int(fwl,-inf,inf);
I fir = (L/norm)*sgre((2/pi)* (pmass/kb*T) "3 )*w " 2*axp( | -pmass*w™2)/{2*kb*
Ta
79 % figqure;
80 % ezplot{fw,[0,.4]); ¥Plots maxwell-boltz dist;
81 % xlabel( 'Velocity (m/e)'}; M)
82 % ylabel{ 'Probability Density');
83 % title('Maxwell-Boltzmann Distribution')
84
85
13 tgenerate weighted list with al]l maxwell boltz =peeds
87 wl = 0; %#stars w values here
88 wval = (:deltaw:endw; %list of all w values
89
30 for a = 0:deltaw:endw
91 w2 = wl;
92 fwi = [subs(fw,w,w2)];
93 fwval(floor(a/deltaw)+l) = fwi; %tmakes list of all f(w) values
94 wl = w2 + deltaw; l
95 end 3
96
a7 for b = l:numel(fwval)
ag numbercftimes = int32(fwval(b)*wval(b)*100)s %100 from lel4
9 numhereftimesvector(b) = numbercftimes; %list of # of times each
100 end
101
102 shift = 0;
103 ligstofspeed = [];
104
105 for ¢ = l:numel(numberoftimesvector)
106 for d = linumberoftimesvector(c)
107 listofspeed(d+shift) = wwal(c); %puts all speeds in big list.
108 end
109 shift = numel [(listofspeed);
110 end
s
112 %Probability that 2 atoms collide
113 collisionfreq = numberdensity*sqrt(2)*pi*Rbdiameter”2*sqrt((8+*kb*T)/|
114 p2atoms = deltat*collisionfreq;
115
116
117 ¥set initial velocities based off boltzmann distribution
118 rand(. seed',sun{100*clock)) %reseed random number generator for initi
119
120 the lucky number = floor(numel(listofspeed)*rand(l)=.l); %picks randc
s e speed = listofspeed(the lucky number};
122
123 velxpos = speed/sqgrt(3);
124 velypos = speed/sqrt(3);
125 velzpos = speed/sqgrt(3); i |
126 E
- * v
| e i) A e
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MatLab Code 2

Editor - /Users/chawkins/Documents / MATLAB/ maxwelitrap.m™

File Edit Text Go Cell Tools Debug Desktop Window Help
2 3 e » 1

x 7 ~ N EHd $MB9 e LD AR -L R
E*‘% g - L0+ + L1 x oft % @

127 = if rand(l) > .5; ]|
128 - vX = -l*velxpos;

129 - else

130 - VX = velxpos;

131 - end

132

133 - if rand(l) > .5;

134 - vy = -l*velypos;

135 - else

136 - vy = velypos;

137 - end

138

139 - if rand(l) > .5;

140 - vz = -l*velzpos;

141 - else

142 - vz = yelzpos;

143 - end

144 —_—
145 - updatestep=1;

148

147 ¥Force/vel /pos equations

148 - for i = 0:deltat:endtime

149 - rand('seed',sum{100*clock)) %reseed random number generator each

150 =
151 - Utrap zl = subs(Utrap z,x,x1); %Plug in for x-y values to find a

152 - Utrap z2 = subs(Utrap zl,y,yl);

153 - a z = subs(Utrap_z2,z,zl)+((beta*vz)/pmass); —
154

155 - Utrap yl = subs(Utrap ¥,x,x1); %Plug in for x-z values to find a

156 - Utrap y2 = subs({Utrap vl,z,zl); —_
157 - a_y = subs(Utrap y2,y,yl)-g+((beta*vy)/pmass) 4
158

159 - Utrap x1 = subs(Utrap x,y,yl); %Flug in for y-z values to find a |

160 - Utrap x2 = subs(Utrap xl,z,zl);

161 - a x = subs(Utrap_ x2,X,x1)+((beta*vx)/pmass);

162

163 - vzl = vz + a z*deltat; %Update velocity —
164 - vyl = vy + a yrdeltat;

165 — vxl = vx + a x*deltat; -
166

167 - 22 = z1 + vzl*deltat; %Update position

168 - ¥2 = yl + wvylrdeltat;

169 - x2 = x1 + wxl*deltat; =
170 i
171 = ypos{updateStep) = y2; %append wvalue to list to graph

172 - vypos (updateStep) = vyl; e
173 - aypos (updateStep) = a_y;

174 - ¥pns(updateStep) = x2;

175 - zpos(updateStep) = z2;

176

177 tProbabilistic collision of 2 atoms

178

179 - if rand(l) < p2atoms

180 %#%picks a number from the list of speeds a particle has giwver

181 ¥¥maxwellboltz dist and then turns it into a velocity

182

183 - the lucky number = floor(numel(listofspeed)*rand(l)=.1}; %pic

184

185 - speed = listofspeed(the lucky number);

186

107 - velxpoa = apeecd/agrt{3); -
188 - velypos = speed/sgrt(3);

189 - velzpos = speed/sgrt(3);
IC ) >

[ seript [Ln 26 Col 27

File Edit Text Go Cell Tools Debug Desktop Window Help
I a3 i, ri - & »

x » s fNEH B - MR- (0O
g*'é 2 - 10| + = 1.1 x % % @

189 - velzpos = speed/sgri(3); ?D
190

191 - if rand(l) > .5;

192 - velx = -1l*velxpos;

193 - else

194 - velx = velxpos;

195 — end

1986

187 - if rand(l) > .5;

198 - wvely = -1*velypos;

199 — else

200 - vely = velypos:

201 - end

202

203 - if rand(1) > .5;

204 - velz = =1l*velzpos;

205 - else

206 — velz = velzpos; =
207 - end

208 %velx,vely,velz is the random particles velocity

209

210 - vx = velx; %collided so takes random particles wvelocity

211 - vy = vely;

212 - vz = velz; =
213 - else =
214 - vx = vxl; %did not collide so updates old velocity

215 - vy = vyl; -
218 - vz = vzl;

217 - end

218 —
219

220 - zl = z2; %Save new position

221 - vl = y2;

222 - xl = x2;

223 - updateStep = updateStep +1;

224 - end

225 =
2326 - figure(2);

227 - plot(time,ypos); -
228 - xlabel( 'Time (seconds)');

223 - ylabel('¥Y-Positicn (meters)');

230 - title('¥-Positiors vs Time Graph')

231 =
fon figure(3); =
233 - plot(time,vypos);

234 - xlabel{ 'Time (seconds)'}):

235 — ylabel('¥-Velocity (m/s)'): r‘r
AsEs title('¥-Velocity vs Time Graph') I

237 % i

238 % figure(4); |

239 % plot(time,aypos) ;

240 % xlabel('Time (seconds)');:

241 % ylabel('Y-Acceleration (m/s"2)'}): I

242 % title('¥Y-Acceleration va Time Graph')

243 i

244 - figure(5); |

245 - plot3(Xpos,ypos,2pos, 'd')

246 - xlabel{ X-positicon (meters)') I

247 - ylabel( Y-position (meters)') i

248 - zlabel('Z-position (meters)') &
249 | =
250 - ¥l —
251 — - end E X
l_f o) 4 »

cerint [Th 1850 ral 23



MatLab Output 1

EBX

-} Figure 1

File Edit VYew Insert Tools Desktop Window Help
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MatLab Output 2
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Matlab output 3

-} Figure 5 EE‘ El
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# The light shutters used in the lab
open/close on the millisecond scale

# Need to open/close it faster (something on
the microsecond scale)

# Building a light shutter that can hopefully
open/close at .5 microseconds



Hard Drive Shutter

# Building shutter
out of a hard
drive

# HD arm moves
very quickly

# Attaching circuit
to voice coil will
allow control of
arm




Shutter Circuit
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Finished Product

University of Melbourne
Atom Optics




Hard Drive Progress

# Soldered the circuit to PCB board
# Created an enclosure for the circuit

# Had everything tested and working, until |
broke it

#| fried the IC and am currently waiting for
Nnew ones



HD Shutter




Project 4

# Created a program in LabView that
allowed live updates of 3 parameters and
graphed them instantaneously

# The input parameters were O.D., N3D, and
Nfitting

# The output is 3 graphs



LabView Code
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# Created LabView program that created a
line of best fit for Bose-Einstein
condensates

# During the transition to a BEC the particle
distribution changes from a Gaussian
distribution to a Thomas-Fermi distribution



Thomas-Fermi
Distribution

Coherent Spin Dynamics of a Spin-1 Bose-Einstein

Condensate

Ming-Shien Chang
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LabView Code
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# Mapped out a grounding scheme for the
electrical equipment in the lab

# Hopefully after locating all the grounding
sources it will help clear up grounding
noise which could be preventing us from
making a BEC



Electrical Diagram

______-—__- e - YVari
‘__——-‘_ Power Sicip ok Lren .
F sublimation
/
T - i comtral
_I,-'r Power Sicip FIy Cavity +
BEC apparatas / .
| I Drrines BEC
J.-" apparsius
II Hoost TA power CoSy Central [ipde Laser Contral J_.-" pump
| supply F
| v /
—————
| ' 'r
| BEC apparabas | BELC apparabas | BEC apparatas | J_,"
-" « THORLABE THORLABE Wavetek HP Triple Tektromix
Power Sirp \arien \azien Power Supply Power Sirip laser emp function Crutput function
) ) FETErEOT Power Sicip gemerzior
[rual lon [rual lon 1 + +
Pump Pump 1!
Control Contol "._ | BEC apparatas | | BEC apparatas |
repump
Chaznel Amp Drual A0M lncking
Freq driver circait
| BEC apparabas | BEC apparabas | + #
| BELC apparaias | | BEL apparaias BEC apparaias
¥ Tennebes ascilloscope
intraction ixon Camema Peawer Supply
RF cutput (disconmecied] 7
LED vacuum BEC appararas | MOT B switch | Old repumip
amplifier

light

BEL apparatas




# Initially started as a project to prevent atom
loss in the dipole trap

# The idea Is to use a magnetic field to
counter-act the force of gravity (which may
be causing atom loss in the dipole trap)

# Will use a coll of wire to apply a B-field to
the dipole trap which will apply a force on
the atoms which is proportional to the
gradient of the B-field



Magnetic Coills

# Through calculations it has been
determined that the mechanism for atom
loss in the dipole trap we are experiencing
IS not gravity

# This project is now focused on using these
magnetic fields to re-create the Stern-
Gerlach experiment



Stern-Gerlach Theory

# A nonuniform magnetic field applies a force
on neutral atoms and they undergo a
deflection in their path

# This is caused by the spin of the atoms
acting as a magnetic moment

u=-mgjup U=—-u-B F=-VU

JdB
|F| = HpHYj 5~



Circuit Design

L2

5.65e-5




Future Circuit

ULTRACOLD ATOMS IN A DISORDERED OPTICAL LATTICE
MATTHEW ROBERT WHITE




Project 3

#\Working on optimizing several parameters
of the MOT stage on the BEC apparatus

# Specifically changing re-pump intensity
magnetic field intensity, ramp of magnetic
field intensity



Apparatus Control
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