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Technical Section (Including Objective, Approach, and Progress) 

Long-term research objective: 

Matter wave interferometers, in which de Broglie waves are coherently split and then recombined to 
produce interference fringes, have opened exciting new possibilities for precision and fundamental 
measurements with complex particles. The aim of our research program is to extend the ideas and 
techniques of atom optics and atom interferometry which underlie atom interferometers, to use these 
devices to make qualitatively new and/or more precise measurements in atomic physics, and to perform 
fundamental experiments in quantum mechanics based on our ability to measure interactions that displace 
th«r de Broglie wave phase or change the quantum coherence of the beams (reducing the amplitude of the 
interference pattern). 

Science and Technology objective: 

To develop the techniques of atom optics and atom interferometers, and to find new applications in many 
scientific and technical arenas. We have pioneered applications in three major areas: precision 
measurements in atomic physics, atom interferometric inertial sensors, and investigations of fundamental 
quantum mechanical principles. 

Approach: 

Our transverse Mach-Zehnder interferometer for atoms and molecules uses three nanofabricated 
transmission gratings, and generates a "white-fringe" (i.e. insensitive to momentum spread in the beam) 
interference pattern. Its most unique feature is a spatial separation and isolation of the two 
interfering beam paths, permitting the application of an interaction to only one of the two paths. Also, 
we have recently constructed a novel interferometer in which the two interfering paths are separated in 
longitudinal momentum space. It is ideally suited to the study of interactions that change the kinetic 
or potential energy of an atom, leading to time-dependent superpositions of states with different total 
energies. 

We have also started atom interferometry experiments using a Bose-Einstein condensate in collaboration 
with Wolfgang Ketterle. Using BEC and lasers we have developed a means of amplifying a matter wave which 
can enhance the contrast of atom interference fringes. 

Progress: 

This past year we built an improved Mach Zehnder interferometer for atoms and applied it to studying 
decoherence. The process of decoherence in quantum systems has been described as the collapse of the 
wave function, and causes a transition from from quantum mechanical to classical behavior. We have 
studied this emergence of classical behavior in three different experiments. 

By scattering a controlled number of photons from each atom within the interferometer we have 
demonstrated a calculatable and universal form of decoherence which is relevant to quantum computation, 
quantum error correction, and quantum communication. In two other experiments we have broadened the 
pedagogical framework of decoherence by studying the effect of a deterministic momentum transfer to each 
atom, and also studying the role of each atom's internal state. 

Technology Transfer 

Our demonstration of the inertial sensing capabilities of atom interferometers continues to garner 
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widespread interest both within the scientific community where it is hoped such devices will eventually- 
lead to tests of general relativity, and in the military where atom interferometers may one day replace 
laser gyroscopes in some inertial navigation systems. Our grating fabrication efforts in collaboration 
with Prof. Henry Smith at MITs Microsystems Technology Laboratory are helping to test the large scale 
reproducibility and feature-size limits of UV lithography. 

Our most recent demonstration of a calculatable and universal form of decoherence is relevant to qunatum 
computation, quantum error correction and quantum communication. Because quantum interference is 
essential for these quantum information processing applications, the process of decoherence needs to be 
understood. The kind of decoherence we studied, which results from an environment where multiple 
scattering events each cause a small amount of decoherence, is one of the major problems faces by 
current efforts on quantum computation. 

It is too early to predict the ultimate destiny of atom amplification, but is seems likely that it will 
result in improved signal-to-noise in future matter wave devices. 
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OFFICE OF NAVAL RESEARCH 
END-OF-THE-YEAR REPORT - Part III 

Viewgraph Explanations 

NOTE: We have provided more than the required three viewgraphs. A 
minimal presentation might include the introductory viewgraph plus the 
"Inertial Sensing Technologies" slides. 

Atom Interferometery (Intro.) 

Interferometers are extremely sensitive to changes in the relative phase 
between the interfering waves (e.g. via different interactions they may 
experience). Since atoms are capable of a wide range of interactions 
stemming from the varied properties that they exhibit (e.g. magnetic 
moments, polarizabilities, absorption frequencies), atom interferometers 
with separated beam paths offer an opportunity for a rich variety of precision 
and fundamental studies. 

Our group has developed two types of atom interferometer, one based on 
nanofabricated diffraction gratings arranged in a Mach-Zehnder geometry 
(typical interference pattern shown on the upper right), and one based on 
Ramsey's celebrated "Separated Oscillatory Fields" technique (typical 
interference pattern shown on the lower right). 

Recent accomplishments achieved using these two unique devices include a 
demonstration of an atomic interferometer's applicability as an inertial 
sensor, groundbreaking studies in the field of longitudinal atom optics and a 
quantitative study of quantum decoherence caused by different mechanisms. 
Along the way we have developed a cadre of atom optical elements that will 
be useful in future experiments both in our laboratory and elsewhere. 

Transverse Interferometer: 

A schematic of the atom interferometer is shown. In this design, which is 
based on the Mach-Zehnder geometry, a supersonic beam of atoms is 
coherently split, recombined and the resulting fringe pattern is imaged using 
three transmission diffraction gratings. A unique feature of this 
interferometer is the physical separation of interfering beam paths. Since the 



paths may be subjected to different potentials, the observable phase and 
amplitude changes of the interference pattern provide a new window to 
atomic interactions. Examples of experiments that take advantage of this 
feature include measurements of the complex index of refraction of sodium 
matter waves traveling through various gases and a measurement of the 
polarizabiltity of sodium. 

Inertial Sensitivity 

Atom interferometers are much more sensitive to rotations and accelerations 
than interferometers based on light, typically by ~1010 which is the ratio of 
an atom's rest energy to a photon's energy. Thus, atom interferometers hold 
great promise as ultra sensitive rotation sensors. In this shown the results of 
an experiment in which the interferometer was suspended and driven with a 
sinusoidal force. Although the interferometer itself was not optimized for 
rotational sensitivity measurements, the agreement between the predicted 
accelerations and accelerations as determined by accelerometers is within 
the 0.8% experimental uncertainty. 

Inertial Sensing Technologies 

In this graph, we plot sensitivity (the reproducibility with 1 s integration 
time) and resolution (phase shift /angular velocity). The performance of the 
atom interferometer is comparable to those of commercial laser gyroscopes 
and, if optimized, is expected to be at least an order of magnitude more 
sensitive than the best laser gyroscope. 

Quantum Decoherence Rate 
The contrast of our atom-beam interference fringes is a direct measure of 
quantum coherence. And because progress in fields such as quantum 
computation relies on understanding and correcting for mechanisms which 
destroy such coherence, we have studied the effects of different decoherence 
environments on our atom interferometer. 

We measure the decoherence of our spatially separated atomic superposition 
due to spontaneous photon scattering. We observe a qualitative change in 



decoherence versus separation as the number of scattered photons increases 
and verify quantitatively the decoherence rate constant in the many photon 
limit.   Our results illustrate an evolution of decoherence consistent with 
general models developed for a broad class of decoherence phenomenon. 



O 

PH 

w 
• i—I 

> 

Q 

o 

H 

O 

tin 

O 
H 

60 

e ■* 

O 

e 
o •*—» 
cd 

s 
E 
D u 
3 
CO 
Cj 

OO 
'3 
(D 
U 

O 

c 

> 

3 cr 

CO   5 

> 

H 
U 
w 
PQ 
O 

(s}uno3>t) siuncr) 

11 i 11 11 i 11 i 11 i 11 i 11 11 i 11 i 11 | 
O      O       O      CS       C5      <=>       o 
O        O        <Z3        O C5        o 
C5      «->       o      u~>       O      lO 
c«-j      ol       c~*J      —       ~ 

(s/sjunoo) xny psjjiuisuBJX 

o 
"S a si o 
D 
E 
6 
3 

3 

0) o s o o 
CO   • J3 

cd 
T3 
3 

oo 
<D 
3 
2" 

"S 
o 

T3 
3    C 
Co _0 
00   '-3 

c   > 

8'fi —, a> 
cd 3 
O --1 

3 
&.—« 
O    oo 

fi 2 
3 3 CO        Q 

Ul 
O 
"cd 

o 
o 
•a 
^^ 
cd 
Ui 
Cd 
a. a> 
00 
00 

v> 
00 

u    E 
a>   cd 

s s o  o 

i*   co 

|5 

E 
Cd 

X> 
o 

3    « 
O    3 

1-9 
 ,      00 
"3  « 

cd 

X> 
O 

s o 

bß 
3 

°C 

-4—» 

Cd 
o 
oo 

S  c  x 2 
ti c 
2 Ö 
C    4) 

■3 x: 

o   8 
i>"cd 
'5   e 

cd 3 
3 2 
cd O 

<4—I .3 
O CX 

U 

DM 

cd 
oo    W) o -a 

•£!   co 

■§.! 

«3 
a- 4) O    u 

4>    X 
Q W 

Hi 
00 
Ul 
D 
> 
00 
8 
CO 
Ul 

hri    S 

O 2 
& El 
Hu w 

1) 

o 
Ul 

,4) 

4) 

^ o 

O    4) 
J S3 

•s -a 
WS 3 
fc § 'I? 

ffi   o .2 
CO    3   o 
l-H     O    Ü 
i—l '2 'S 

^       CO      S 
r^5    C   O 

ö QU 

■4—i (i) 
ca 3 
E T3 

5^ (U 
■*—» cd 
00 u 
3 <l> 
aj O 

o 
Ul 

bfl 
u 
o 
oo 
cd 

00 
u 
4) 

3- 
oo 
E 
cd 

J3 

3 
O 

O 
1) 
Ul 
a, 

s a> 
E 

"3 
3 —, 
U   cd 

o o  E .2 
£  > 

3 
4) 

O o 

cd O 
3 *- 

E § 
u, 3 
4> « 

.3 Ä 

XI 
cd 
cd 
O, 

O 
o 

<L> 

O    u 

kE 
S td 
.2    4) 

^   td cd 

OO      i> 
3 CM 
O    O 
O ^ 
u 3 
O    4) 

- e 
cd   g-i 

'-Ö 2 
8    D 
2 > 

C- 
>-. 

co S u cd 
2 E 
O ui 
4) o 
•3 "*- 

oo - 

2 s 
> 3 

-3 3 
S «a 
rt 00 
oo * 

cd D 

3 E 
T3 O 
O t- 
E «Ö u 
0) <L> 

r3 3 

a E ' 
E 2 «a 
§ < E 

c« 
4—' 

3 
4) 
E 



03    ö •- c 
co    cU 

CU 
43 

■+-» 

CU 

o 
■4—1 

CO 

c3 (1) 

o 
B 
ctf 

00 
G 

• ^H 

CO 

G 
• i-H 
4-J 
CO 

0) W) S-H 

X) G tdj 

o 
"S o 

• i-H 
-t-> 

co 
At 

G 
O 

• i-H 
■*-> 

C) 

co 

-4—> 

pe
rs

 
ti

er
 

CO 

G 
CO 

H T3 cu 
rtf . G 40 

T3 O on 
CU 

CU 
G co G 

• i-H 
■*-» •-H VH 

cu 
B 

X) 
B e 

CO I-H 

o o G cu 
4-1 

1-H 

I-H 

o 
cu 
S-H 

c3 
i-H 

■4-J 

G 
• i-H 

<+-H 
CU 
*—i 

G 
• ■—i 

G 
CU 

43 
■*-> 

CU 

43 

o 
G 
O 

1) 
CO 
VH 
<U 
> 
co 
G 

4-> bX) 
G 

• —4 
4-> 
cd 
l-H 

CO 

4-^ 

• i—i 
CO 

3 
T3 

c3 
OH 
cu 
CO 

is 
l-i 

3 
O 

G 
CU 
I-H 
CU 

CU 

c3 
B 

1—H 

*co 

G O 
O CO 

• 1-H 

43 
OH 



> 

H 
> 
I—I 

H 
i—i 
CO 

00 

< 

H 
w 

-  cs 

cd 
s-i 

c« 
i-l 
CO 

■4—> 

0) 
s 
8 

J£ 
13 o o 
< 
£ o 

T3 

<+H 
C 

h—I 

_ 'vi- 

(ptsi) (ptu) 
ss^qj UIOJV p3JnsB3j\: sjEtipiss-jj 

+-> 
•4-» 

<D (1) 

s 
<u o 
S-i Ui 
(1) (L> 
1 1 
S-4 <u 
fl) o 

-4-> o 
G CO 
l-H 

<w 
o o 

o OH 
■4—> 

c<3 e3 

ä .s 

■4—> 

T3 O 
Ü <D 
>-> hs 
a) T3 

.5    CD 
S-H 

* I 
O   ^ 



00 
W 
Ü 
O 

u 

00 

H 

W 

(   oas/pRi) Xjupisuas 

o 
< 
a 
U 
&• >^ 
H 

"limni i 

u 
u 
E 
s- 
u 
O 
c 

• c 
o 

CJ _u 
U 

i_i  

o 
o 
E 
o 
a 
c 

c 
o 
J- 

3 u 
Z 

o 
o 
c 
o a 
i 

2 
'5 

o 
>> 

C 
5 
o 

XI  

u 
o 
E 
o 
L_ ,_u 

2 • 
c 

< 

Z 

III HIM   I Lull 

>> 

a o 
CQ 

U 

o 
ü 
£•: o 
o o 
C ' u 
Q 
p 

■o 
o 

Q. 
O 

a 

Inn 111 l Inn n i 

i-  • 
2 o 
E 
o 

o 
c 

o 
< 
U 
-a 
u 

!■"■■'' ■ hi ii n 1 

° B 

o   a 

•a 
a 

o  c 
^ o 

O    O 
E* 

9 

(   s „, aiEtfiivreg) ifyApisuas v\ 



ÖD 

VH   CD 

CO 

4)    oo    S 
■t—>   .»-1    w 

v—'   4> 

ö s 
e  o 

MB 
•c •-' 
0)    4> 

Ä B 
OH    O 

• 1-H       -4—> 

>.   4> 

4) 
O 
e 
4) 
S-i 
4) 
.0 
O 
O 
4) 

C o 
o 
OH 

I 
4) 

^   «a 

'£    4> 

11 
*1 

3    O 

c 
4) 
S-l 

54—1 

O 

o 
4) 
O 
C 
4) 
i-H 
4) 

O o 
4) 

o 
o 

13 
VH 
4) 
> 
4> 

a 

4)   ,0 
>   ^ 

■i—>    es 

er ^H 



W 

o 

Q 
o 
H 
O 

OH 
w 
Ü 

00 

00      V0      ^      CN      O   Cl    N    ^    O    '- 
^    o    o    o    o    o 

jsmjuoo SAiiepfl (pBl)jJiqS3SBlü 

o 
<+H 

4-» 
c3 

CO 
S3 
O 

• i-H 

OH 

O 
cd 
u 
<D 
P- 
C o 

■<-J o 
OH 

<D 
Ö o 

c 
%—> 

S3 
X> 

J-i 

CO 
•*H 

VH 

En    CO 

C    X 
c3    Co 



»I 

o 

Q 
o 
H 
O 

CM ,>SO""  ..-0"'' i>' | 

■■;ß':-ßl"~- ->' "_'_ --+ "* 

r 
o 

~i r 
CO CO 
6       ö 

.WH. - 

T 

6 

<N 

s-. 
O 

°-& 
T""    ■■,* 

oo "ö 
6 c 

o 

CD 
CO 

'. CO o a 
CD 

CO 

X CO 

<N 
d 

CM 
CD 

o 
d 

o 
d 

Cj| = }SBJ}U0Q 9A!}B|9H 

G 
o 

c 
CD 
> 

bo 
a 

• I—I u 
o 

CD 
.G 
■*-> 

T3 
CD 
G 

O      CO 

S 
S    <D 

CO 

T3 
G 
o 

cd 

^   "  -Ö 

CD   ^ 

G o 
b   > 

CO 
CO 
CD 
O 

O    O 
G    3 
3    co 

Cd    o 
co   r^ 

S    C o  o 
4->    ..-I 
cd    co 

*i    G 

co "O 

1    I 
.§■2 

S-B 
G O 

CD ^ 

cd X> 

Q, <D 

.2 •- 
co  >G 

* e 
co    O 

CD   t+- 

;G £ ON 

"H     co 
o   lg    " co  -°    g 

rG  'S    S 

CO 
CD 

'tob 
G 
cd 

CD 

G 

co 
CD 
CO 
CO 

O 
Ui 
CD 

CD 

G  !Ö 
T3 

CD 

cd 
—M 

co 

O 
co G 

cd 
CD 

CD    CD 

CD    cD 
•ö   "G 

CD 
CD    <D 

CD 
VH 
CD 
xi o o 
co ^3 

jS o 

<~< 

1/2 G co s 
.2 -2 
,—i Ü 
cd e 
G G 
O <+H 
+3 CD 
'-G O 
2 G 
cd VH 

co Ö 
0) -G 
co O 
G O 
cd ü 
O T3 

cd (M 

CD OO 

CD ^ 

CD _r 
+J CO 
cd ^D 

co 'bb 
co S 
G .2 
O Ü 
O s-( 

a, £ 
o o 

P3 co 
G « 

bß-G 
cd o 

> °°. 
cd T-H 



ATTACHMENT NUMBER 1 

REPORTS AND REPORT DISTRIBUTION 

REPORT TYPES 

(a) Performance (Technical) Reports) (Include letter reports)) Frequency: Annual 

(b) Final Technical Report, issued at completion of Grant 
NOTE: Technical Reports must have a SF-298 accompanying them. 

(c) Final Financial Status Report (SF 269) 

(d) Final Patent Report (DD 882) 

REPORTS DISTRIBUTION 

ADDRESSEES 
REPORT 
TYPES 

NUMBER 
OF COPIES 

Office of Naval Research 
Program Officer Herschel S. Pilloff ONR 331 
Ballston Centre Tower One 
800 North Quincy Street 
Arlington, VA 22217-5660 

(a)&(b) 

w/(SF-298*s) 

3 

Administrative Grants Officer 
OFFICE OF NAVAL RESEARCH REGIONAL OFFICE 
BOSTON 
495 SUMMER STREET ROOM 103 
BOSTON, MA 02210-2109 

(c),(d)&SF- 
298's only for 
(a)&(b) 

1 

Director, Naval Research Laboratory 
Attn: Code   5227 
4555 Overlook Drive 
Washington, DC 20375-5326 

(a)&(b) 

w/(SF-298"s) 

1 

Defense Technical Information Center 
8725 John J. Kingman Road 

STE0944 
Ft Belvoir, VA 22060-6218 

(a)&(b) 

w/(SF-298's) 

2 

Office of Naval Research 
Attn: ONR 00CC1 
Ballston Centre Tower One 
800 North Quincy Street 
Arlington, VA 22217-5660 

(d) 1 

If the Program Officer directs, the Grantee shall make additional distribution of technical reports in 
accordance with a supplemental distribution list provided by the Program Officer. The supplemental 
distribution list shall not exceed 250 addresses. 
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