T 2ol INAME - INITIAL

“CON'T<FROM_ -

5 TERM PEND.: SUPER. . ROOM: NO.

SPONSOR: NAME - SPONSS. CODE

i CON'T Y. PARENT NO.. SPONSOR - SUPPORT SOURCE AND/OR ACCOUNT TiTLE -
ok : :

* " EFFECTIVE DATE

T

—_—

"+EXPIRATION DATE

: .
- S‘F‘ONSO'R SIGN.DATE " -

" " PROJECT:ACCOUNT. ‘DESCRIPTION

S EMPLO_YEE “BEN,

2 *" ADDRESSEE: . LAST NAME' /FIRST NAME - INITIAL* .-
/ / RATE ) :
- - OVERHEAD: SPECIFICATIONS COST SHARING SPECIFICATIONS .
BILL ON 9 . OFF 9, ’ D¢ 9 - 'FUNDED GENERAL
RATE : BUDGET % BUDGET

.
AGREEMENT »TVPE

) ‘ N -

3 . . - FISCAL REPORT ;P‘ECIFICATIVONS - TECH. REPORT SPECIFICATIONS'
“GRY.| CON. FXD'| Fai ‘TR FEL B - EX- | AN- SEM, | QTR, NONE| FIs. HON- © . EXe | AN~ SEM. |QTR. NORE| r1s. MON. .
TR. | PR, " CIL, | GRT, Low . ‘ PIR. | RUAL ANL, CAL THLY PIR, |NUAL ARL, CAL | THLY
SHIP :
: “‘MA'SSAC‘HUSETTS INSTITUTE -OF
'TECHNOLOGY
ACCOUNT ACTION NC_)TICE \
DEPARTMENT'S ‘COPY DEPARTMENT ROOM NO-.
DATE ISSUED APPROVED .BY INITIALS ' '

OBJECT CLASSIFICATION
FACULTY TENURE

AMOUNT

FACULTY NON-TENURE
SUMMER FACULTY

OTHER ACADEM
RESEARCH STAFF’
HOURLY
BI-WEEKLY
GRAD' STUDENT
EMP. BENEFITS
TRAVE"

| REFERENCE'NUMBER T

N
N

“CURRENT
AUTHORIZED
TOTAL §

ADDRESSEE ROOM NO. - |

TERMINAL
YEAR

DELIVER TO

| FOREIGN' TRAVEL
MATERIALS & SERV.
I.P.C. EXP,
EDP. EXPENSE
EQUIPMENT
SCHOLARSHIPS
rquN%
* OTHER CHARGE

s STIPENDS

NDIRECT -

OTAL »

HOULD  AGREE WiTH. AUTHORIZED TOT‘AL

RM NO. co-001 9770




NOV 1 1977

JOHN s. LAVALLE CAMBRIDGE, MASSACHUSETTS 02139
Accounnting Oficer for Sponsored Accounting

T MIT Reference #82958

National Science Foundation

1800 ¢ Street, N.W,

Washington, D.c, 20550

Attention: My, Joseph F. Carrabine
Grants Manager, Area 1
Grants and Contracts Office

Gentlemen:

Please feel frae o contact the undersigned if further infor~
mation 18 vequired,

Thank you for Your interest in and support of this Research
Project,

Very truly yours,

John 8. lLavalle

J8L/me

cer  O8p Administrator
Administrative Offlcer




NOV1 1977

JOHN S. LAVALLE » - CAMBRIDGE, MASSACHUSETTS 02139

Accounting Officer for Sponsored Accounting .

.

Prof. Rainer Weiss
Research Lab for Electronics
MIT Room 20F-006

Dear Prof, Weiss:

The National Science Foundation has requested that we send them
our Final Fiscal Reports when completed whether any of the Technical
Reports have been forwarded to the Accounting Office or not. Current
NSF Policy states that we should wait for the Summary of Completed
Project (Form 98A) and the Final Technical Report (if the Principal
Investigator elects) in order that they may all be submitted together,
However, they have concluded that they would rather have only the
Fiscal Report than none at all, - S

To our knowledge, there has not been a copy of the Final Technical
Report or a Summary of Completed Project (Form 98A) submitted to the
- NSF _Office of Grants and Contracts on the above referenced grant. The
Foundation Policy requires that all Fiscal and Technical Reports be
submitted within 90 days after expirationm,

This is to advise you that the Final Fiscal Report has been sub-
mitted this date and request that the Technical Documents be submitted
at your earliest convenience, a copy of your transmittal letter being
sent to the Accounting Officer for Grants (Building E19-579).

Your reports should be submitted to:
National Science Foundation

1800 G Street, N.W.
~ Washington, D.C., 20550

ATTN: Mr. Al Rice

Very truly yours,

John S, Lavalle
'JSL/ms

cc: OSP Administrator
' Administrative Officer



MASSACHUSETTS INSTITUTE OF TECHNOLOGY
RESEARCH LABORATORY OF ELECTRONICS

CAMBRIDGE, MASS. 02139

~ September 19, 1977

MEMORANDUM ;
|
To: J. Hanlon qiijz/ |
From: D.F. Duffy Sije/cg *
Subject: 0SP 82958 - NSF Closeout of Account
Aug. 1977 Statement Balance $2,114.07

less RL 58312 - Invoice sent to
Accounting Office for payment

on 9-15-77 1,620,00
Balance returned to NSF B $ 494.07

No outstanding purchase orders remain against this account. <

Faculty amount was proposed at 12% for 9 months and that was
the actual charge to this grant. The overrun was due to a salary
increase. This discrepency is allowed by NSF.

~ce R Weiss
P. Wolff
M. Huguenin .



—D

JOHN P. LEONARD
Assistans Compseroller

e Dowoeds Doy Kluggy
/%anyanjzzayngé‘ (jgﬂyy(kgz,
L. L L

,)Z7/177' A ey # 36 -5,

CAMBRIDGE, MASSACHUSETTS 02139

)Af’f% S )u/f//

‘Attached is a notice of closeout action required under one of your
recently terminated accounts. Due to contract/grant closeout require-
ments imposed by various sponsors, it is necessary that vou advise us
as to the actions you will take within the next thirty days, in order
that we may submit the required report or invoice on a timely basis.

If your actions involve the transfer of specific charges, please
indicate that detail when returning the Action Notice. If we can be
of any assistance or if you need any additional detail, please do not
hesitate to call the auditor who prepared the notice.

Your assistance in helping us to meet our contract/grant reporting
requirements will be greatly appreciated. -

Sincerely yours,

Rt el
John P. Leonard

JPL/da

cc: John S. Lavalle :
Roberta F. Burns/Robert J. Long
0.S.P. Administrator
C.A.0. File



Notice of Closeout Action Required

Date: 696 Voo / %UG 08]3/!

- "honsor: AT Account Number: F2Ss5F |

o . —

~ Department: L2 L L Administratorzlﬂ;/xj A |
= ' - - B : - _

_Supervisor: A 5;4; 7SS Effective Date: é- /- 25

Audi ted Byt;j;'; /%,’"“*”ﬁoom#ﬁ?s{%f . Expiration Date: 3 =2/~ 77

An audit of the referenced account as of &-320-27 indicates that the status is as
follows. Please indicate the action you have taken and return this notice to the above

auditor by SEP 081977 .

Amount Account
Requiring || Transfer | Transferred | Amount of
Action Sent To To Transfer
Overexpended Balance - Direct Cost
Indirect Cost |
Unexpended Balance - Direct Cost 7/65.77 ;
Indirect Cost '
—udget Deviation:
Category Budget Actual _
FAE kY 255000 §305359 223959

Post-termination Date Charges (Detail Attached) 2570

Pre-effective Date Charges (Detail Attached)

Purchase Order Commitments (Copies Attached) &, 580.00

Other Items Outstanding (Detail Attached)

Comments: /42§J0£72n5non' P /2;;dduﬁ$5' ;5/47 L &, [oy,é;a>
0. A (42L:i{)

/Y 7P CoEDI
7

cc: John S. Lavalle
Roberta F. Burns/Robert J. Long
0.S.P. Administrator
C.A.O. File.



e i e B e L B )
% 1118 Lo
vixs 0 —n JUNE 30, 1977
z»m?nxcmm:m WSTITUTE OF 302902 -
DETAIL TRANSACTION REFORT P R WOLFF <
[ 34 K} .
, sox: R WEI1SS 36-419
SUPERVISOR: oF 08,
B Shid NAKEZ OR DESCRPTIDN )
cooe nmzczrmvm.m.zmm mw_.oa_ pare | [B®] QTv.STaTs CAUED  CE=E | Asount
TECHNICAL OR RDHM  SUPPORT-ON : .
40 | 88844 §/31/77 106 R L F LLGCATION 134, 05
h . TOTAL OBJECT 3ut 134, 08
: : €. 8. BILL ING RATE
s | 1 708/77 BILLING RATE CALCULATION 32 84
. TOTRL 0BJECT 401 32 g4
w MATERIALS & SERVICES
40 | B8789d 5/26/77 004 LR3 SUPPLIES REQ 15418 310
- 40 | B§8024 5/26.77 006 LR3 SUPPLIES REQ 19419 13 54
4o | 888185 6/31/77 057 MICROREPRODUCT ION LAB 12 40
40 | B82221] §/31/77 093 RLE STOCK . 76
80 | 58298 | 5/31,/7:] 254 RANALOG DEVICES 107, 72
80| 58310, 5/31/74 355 EGMG ELECTRIc-0 265. 72
80| 58299 | §/31/77] 256 LANSING RESEARC ,~ 643, £0 ,
B0 (68297 | 6/31,77] 72795 NEWPORT RESEARC : mow 76 \
B0 | 58303 5/31/77] 467 SPECTRR-PHYS!CS 350 00
80 | 68309 | E/31/77] S61 VRRIRN 1,389 33
| - TOTAL OBJECT 419 3,418 28
N ALLOCATED EXPENSE
40 | BSBY4Y 6/31/77 106 R L E ALLOCATION 3648
, TOTAL OBJECT 421 36. 48 -
. . . \V% S/
L wmnox EXPENSE
Yo | B8357Y 6/10/77 208 XEROX 400D IN PHYS REGDING ROOM 240 20
S 5 TOTRL OBJECT 523 Q 972 3P 2vp S 7ERY]
ST B PETTY CFSH \ Q‘ o
- 8D | PCI48Y 5/10/77] 611 NCCARTHY/B L 19. 65
. | TOTAL OBJECT 811 19, 35
A BILLING RATES o
45| .l 2677 BILL ING RATE S_.mc,.n:oz 108. 48
: . TOTAL OBJECT 960 . 108, 43
. ADJ TO RCTUAL , !
ug _ /06,77 RDJUSTMENT TO ACTUAL S_.Ern:oz 5 D1
: TOTAL omgmﬁ oE 5. 01
& ,
& i . 25 STUDENT RECZIV I5GIFTS £0 ACCOUNTS :eszm
- 3 1AL E_DEFINITIONS 30 CASH RECEPTS 40 VOUCHERS SOTOIL CALS | -

AT e T} o7 AP b s . LAY P



"FVRWITAOL

LAt

s
- TRIPLICATE
to Massachusetts Institute
of Technology Box 69
Cambridge, Massachuseotts
02139

VKDEK

Massachusetts Institute of Technology
Cambridge, Massachusetts

PURCHASE ORDER NUMBER

RL 57845

This Number Must Appear on Invoices,
B/L's, Shipping Memos and Ali Packages.

ACCOUNT NUMBER

R. .JISITION NUMBER , . pate March 18, 1977 82958
. ~ » .
,_.— _ ] r— sHyp To . Peter Kramer ™ ]
: _ . , ) W__is_ 1search Lab of Electronics
e _Schweber Electronfes . ... ... .. “Room No. 20F-001 :

TO 213 Third Avenue -
: MASSACHUSETTS INSTITUTE OF TECHNOLOGY, j
waltham’ MA 02154 .éﬂ v Cambridge, Mass. |
: s . )‘ Co o . LT . » f
o \j? : : R ‘Dclivor Material to Building Receiving Room ‘J
L L _' L - _ » ) 20 v __f |
FLEASE FURNISH THE FOLLOWING MATERIALS OR SERVICES: !
DATE REQUIRED SHIP VIA F.0.8B. TERMS l
N {
—1 Week __Your Del. Our Lab. 2% - l0Days —
ITEM [QUANTITY . . DESCRIPTION : PRICE ﬁ
. Confirmation ‘
1 4 5047-5 Harris Electronics . . $8.70/ea. $34.80 |
| 5P |
This order is exempt from Massachusetts Sales & Use Tax. Exemption Number E 042 103 594 j
M.lf is on equal opportunity employer and hes an A{l'rmative Action Plan :
: J
TOTAL '
PRICE D i $34.80 i
1 |
NVOICE DATE | oaTe FRZCAES'S:D AMOUNT UNEXPENDED BALANCE ‘Zg\g‘ :
- Wl
MASSAC}ﬂJS/SlNSTITUTE OF} HNOLOGY ;
|
ay . / 754{“/ Wl S J
Address ail Correspondence tof the Agedd. AGENT !

ACCOUNTING OFFICE copY



S

Please Send Inzoices In

TRIPLICATE

to Massachusetts Institute

PURCHASE ORDER

Massachuseffs lnshtufe of Technology

PURCHASE ORDER NUMBER

-RL 58295

of Technology Box 69 This Number Must A o
Cambridge, Massachusetts Cambndgeh Massachuseﬂ's . o 3/:-,_ suth:;rng ::,mo,pp;,;' :;r P
02139 . . :
Co ACCOUNT NUMBER
i REQUISITION NUMBER pare  May 26, 1977 182958

r_

* 181 Legrand Avenue ‘ o

TO Northvale, New Jersey 07647

2

PLEASE FURNISH THE FOLLOWING MATERIALS OR SERVICES:

Interactivrkadution, Tne, T T

SN —

-

Peter Kramer

smbkezgatch Lab of Electronics
oo Room No. 20F-001

’ MASSACHUSETTS INSTITUTE OF TECHNOLOGY,
: Clmbrldgo Mass,

D.'IV.I' Material to Bulldmg 20 Receiving Room

J’L

DATE REQUIRED sHiP via  Best Way Prepaid- [r.o.s. TERMS
— May 31, 1977 |3 Add to Invoice Northvale, N. J. Net —
ITEM [QUANTITY 3 DESCRIPTION PRICE
Confirmation
1.3 Low Voltage Modulator 151-030 " 7. $1,960.00/es. $1,960.00
2] 1 v1deo Amplifier 1-050 | C 77 2,850.00/ea. 2,850.00
3 1 Calcite Polarizer, Mounted 701-050 115.00/ea. 115.00

[

U ‘-MJﬁh”

o

Py
mMIZRORY

RESEIVED F. H.

JUN 5 :
Rey” r
il /

2L p -t

This order is exempt from MéssachuseHs Sales & Use Tax.

MLY. is an equal opportunity employer and has an Affirmative Action Plan

Exemphon Number E042 103 594

TOTAL
PRICE .

$4,925.00

PA!D
DATE PROCESSED

UNEXPENDED BALANCE

s WCE DATE AMOUNT

K 25—
/ .

JuN T 87

MASSACH S leSTlTUTE OF TECHNOLOGY

BY ° . (2% S
Address all Correspondende to the Agent, AGENT

ACCOUNTING OFFICE copY



{7 Fieme Sond Trevices 72 " PURCHASE ORDER . PP ———
- TRIPLICATE . . - ' :
to Massachusotts Instirure | Massachusetts Institute of Technology RL 58312
of Toc'hnology Box 69 ) H ) This Number Must Appear on Invoisas,
Cambndg‘,OZIMsa;sachusoHs ) Cambrldge,. MassaChuse".s ' . , B/L's, Shipping Memos'.and All Packasyas,
: o v ] S Lo e, ER ACCOUNT NUMBER
- REQUISITION NUMBER e " parE May 27, 1977 ' o 82958
R SR N “SHIP To _ Peter Kramer = ]
T Valpey o S Research Lab of Electronics
ro 1244 Highland Street -~ . Room No, 20F-001
o P. O. Box 145 Lo Ui, MASSACHUSETTS INSTITUTE OF TECHNOLOGY,
HOIIiston, MA 01746 _ : o :’j - ‘ ) Cambridge, Mass.

Deliver Material to Building 20 Raceiving Room

" . Attn: David Barnicle e
. ohL - -

L

PLEASE FURNISH THE FOLLOWING MATERIALS OR SERVICES:

DSV SHIP VA Begt Way Prepaifi‘-O- B. ,- . |erMs ,
—35/31/ _Add to Invoice Holliston, MA Net —_
ITEM UANTITY ) DESC RIPTION : PRICE

: ~ Confirmation

Y]o4 Mmors o e | s1,620.00

1" thick
4" diameter

Radius R1 1 meter .
R2 Plano Fine Ground

Reflectivity 5145 & 99¢ o greater - i
- o 6328 & 953 or greater

Hole 1.5 mm. in diam. at Radius of
1.500. t .010. R oL

This order is exempt from Massachusetts Sales & Use Tax. Exemption Number E 042 103 594
MLT. is an equal opportunity émployer and hos an Affirmative Action Plan

TOTAL[> B

PRICE $1'620.00

T e e | w2 e
. . i =

/TITUTE F T HNOLOGY
/%;/ . S

Address ail Correspondence fo Je Agent.J AGENT

- ACCOUNTING OFFICE copyY

BY,




h#
=i
Q

=
T
[J]

Investigator

osp  $R225ET

Status as of éj_/jf’ZZ

D

- Spent &
Proposed = Revisions Committed Balance
Salaries and Wages ° ' $./7/ A Severead s /2/2555 ‘*0-2,307
Fringe Benefits | X7 cecenn. .. 3/07}” ‘ /é&/>
Overhead .('2/7‘) 7 csreeans /ﬂ/ ?37’ . ; 94)

AZLY

Materials and Services

Corputer Time coeceens cesencns
Equipment RS ceeeens
' Travel 500 L
Total -Costs | S /> | $
55000

ooooooooo

cccccccc

Ur

e it ot s e

_é/__{_/___ﬁhru __f/;S_//~Z7 '

T :



Principal Investigator

.

AV

Sponsor

R Wenw

Osp

F2358

i 3 AV RN

5/ ¢/ /75 thru F——f—BFAF74

~StatuswasWof“ﬂﬁ4”7§§Z]fzjéwmw”WWN

Cy Jo0 /e

Salaries and Wages

Fringe Benefits

Materials and Services.

Computer Time
Equipment

Travel

Direct Costs

Indirect Costs a&?,

Total Costs

Spent & -
Proposed Revisions Committed Balance
7AW sl s/ RIS 54987
SURYE R L&082. C 898 )
SRS A RALCRENTY: v
RV SIAVCRENEPN 43
500 §oo
$ ‘7‘%2""?3 2) 424 20, 367
? /017_0";? 7933 iz 655
> T30 2L3¥F 3y 057




OsP 82958

Sponsor - NSF Prin. Inv. R. Weiss
June 1, 1975 - May—331, 1976 .
Spent &

Salaries & Wage

s |  Proposed Revisions

Committed Balance

Prof 12%- 9

.e,o..f ¥. C.a3t.D)

R. Weiss 2,830 ceseennnn
(amin T3, oo ST, ; e — 737 ‘
D.K. Owens Res Asst 100%-12 i 8,640  c.eeene ceeeeaess .5.4.2..
R. Benford Tech Asst 25%- /3 3,000 v"f/wfllfﬁ"z/ﬂ 7.88.0..C.0.250. J
RLE Sho | S ) o 8776 |9 ¥T, . (’/...f? )
c L Aee I 73 M ‘78 '9 67 Y,
- Alloc. Proj. Level Costs 2,800 I R0 //‘\?7 0
Total S&W 17,270 /0’ I AV 727




DEPT. CODE * - -

REFERENCE. NUMBER

EFFECTIVE ‘DATE

.EXPIRATION' DATE

;' PROJECT - ACCOUNT DESCRIPTION

1. s
1T
SPONSOR SIGN. ‘DATE « .

|1

RATE ‘ i

" EMPLOYEE BEN::-. "™
BILL - 9

" ADDRESSEE: LAST NAME /FIRST NAME - INITIAL °

ADDRESSEE ROOM NO.

OVERHEAD ‘SPECIFICATIONS

mC % -

COST SHARING SPECIFICATIONS:

r'.eA'c‘:couNr : “DEP'T_NAME :SUPERVISOR: .LAST NAME /FIRSTNAME - INITIAL
82958 2 RLE ; .
NEW[CH: |G’ -CON'T FROM - TERM|.PEND ‘SUPER; ROOM'NO. * - SPONSORNAME |SPONS. CODE  CURRENT ;
i ) : AUTHORIZED I
NEF /g TOTAL $ |
" CON'TBY " 'PARENT NO.. - SPONSOR'- SUPPORT SOURCE ANDJOR ACCOUNT TITLE

BILL ON 9% _ OFF %, FUNDED GENERAL
RATE * % 1 : BUDGET % BUDGET % ICSA
AGREEMENT ‘TYPE - FISCAL REPORT SPECIFICATIONS TECH. -REPORT SPECIFICATIONS TERMINAL‘
GRY.| CON-| FXD | FA-.[ TR FEL - EX- | AN- | SEM. |QTR. |NONE| FIS- MON- EXe | AN- |SEM. |QTR. |NONE| FiS- | MON- YEAR
TR. | PR. | CIL, | GRT. | LOW PIR. | NUAL| ANL. CAL - THLY PIR, |NUAL| ANL. C"AL THLY
SHIP
19
MASSACHUSETTS INSTITUTE .OF R AR
“TECHNOLOGY
ACCOUNT ACTION NOTICE AR AN
T e W W SRV LARRE]
DEPARTMENT’'S COPY Y OEPARTMENT ROOM NO. DELIVER TO
DATE ISSUED APPROVED BY INITIALS ' ' h
08 [19]77 | MX Huguenin / P.A. Wolff 36-419 e
- - TRAVEL " PAYMENT PROCUREMENT SPONSOR'S PATENT RIGHTS
BUDGET INFORMATION , ADVANCED C.O. APPROVALS . u- | DE NO
SOURCE AMOUNT —+ [ PRIOR-| 'sPEC’'L | NONE | POOL | SPEC'L| OTHER | YES | SUB. CNTR. | PRIORITY | TITLE |CENSE|FERRED | OTHER [CLAUSE
ACCOUNT — | 1y ‘
13
|
|
|
| '
, Tarminate effective 5/31/77
]
|
OBJECT CLASSIFICATION AMOUNT j

FACULTY TENURE
FACULTY NON-TENURE
SUMMER FACULTY
OTHER- ACADEM
RESEARCH STAFF
HOURLY

BI-WEEKLY

JGRAD: STUDENT

EMP. BENEFITS
TRAVEL
FOREIGN TRAVEL
MATERIALS & SERV.
1.P.C. EXP.
EDP. EXPENSE
EQUIPMENT
SCHOLARSHIPS
TUITION
OTHER CHARGE
STIPENDS
INDIRECT

TOJAL *

OULD AGREE WITH AUTHORIZED TOTAL

/ORM NO. €O-001 9/70




MEMORANDUM

To:
From:

Subject:

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
RESEARCH LABORATORY OF ELECTRONICS,

CAMBRIDGE, MASS. 02139

June 7, 1977

R. Weiss P

D.F. Duffy Ux’/ ;o7

0SP 82958, NSF Grant MPS75-04033, "Interferometric
Broad Band Gravitational Antenna"

This program terminated on May 31, 1977. According to N.S.F.

policy a final technical report must be submitted within 90 days

after the grant expiration date.




MASSACHUSETTS INSTITUTE OF TECHNOLOGY
CAMBRIDGE, MASS. 02139

COMPTROLLER'S OFFICE October 1, 1976

To: Project Supervisors of NSF Grants

From: Philip J. Kechan ﬁa\v\g:) |

The Institute has received Important Notice No. 62 from the
National Science Foundation concerning the submission of final fiscal
and technical reports.

In summary, the major requirements of this notice are as follows:
1.) Final technical and final fiscal reports must be

submitted within 90 days after the grant expiration
date.

2.) Final technical and final fiscal reports must be
submitted together effective October 1, 1976.

3.) A Summary of Completed Project (NSF Form 98A) must
also be submitted together with the technical and
fiscal reports as noted above.

In order for us to comply with this NSF requirement and forward
all reports as a single package, please forward your technical reports
and completed project summaries to:

Mr. John S. Lavalle
Room E19-579

Y oup-cooperation-in--implementing these-new-requirements-will-be. ...
most appreciated.

PJK/da



ACCOUNT DEP'T NAME DEPT. CODE ’ SUPERVISOR: LAST NAME /FIRS] NAME - INIIIAL sy

82958 RLE

NEwWSHlcHg -+ CON'T FROM TERM | PEND SUPER. ROOM NO. SPONSOR NAME |SPONS. CODE CURRENT I
ILD |
X . AUTHORIZED |
‘ NSP/g _ TOTAL $ |
CON'T 8Y PARENT. NO-. SPONSOR - SUPPORT SOURCE AND/OR ACCOUNT TITLE
EFFECTIVE DATE EXPIRATION DATE PROJECT - ACCOUNT DESCRIPTION
| ] a51 34 12
[ [} _ . ‘" '7 ""7 h —
SPONSOR SIGN. DATE: BILEMPLOYEE BEN. 'ADDRESSEE: LAST NAME /FIRST NAME - INITIAL ADDRESSEE ROOM NO.
I I RATE ‘ °
OVERHEAD SPECIFICATIONS COST SHARING SPECIFICATIONS
BILL - ON % OFF 9 C % FUNDED GENERAL ~
RATE | - % * / BUDGET % BUDGET % ICSA
L | |
AGREEMENT TYPE FISCAL REPORT SPECIFICATIONS TECH. REPORT SPECIFICATIONS TERMINAL
GRY.| CON.| FX0 | FA- | TR | FEL EX- | AN- | SEM. | QTR. |NONE| FIS. MON. EX- | AN- |SEM. |QTR. |HONE| FIS. | MON- YEAR
TR. | PR. | CIL. | GRT. [ LOW PIR, | NUAL| ANL. CAL THLY PIR. | NUAL] ANL. CAL j THLY
SHIP
19
MASSACHUSETTS INSTITUTE OF AR AR
TECHNOLOGY ' \\\\\ \\
ACCOUNT ACTION NOTICE ' NN WY SAALE
¢ . N \\\\\\\\\\\\\\ AR RIRTRTRL
DEPARTMENT’S COPY DEPARTMENT ROOM NO. DELIVER TO
DATE ISSUED APPROVED_BY
01 ,27 |77 483 . Hynes P. Wolff 36~419
) y —~ TRAVEL PAYMENT PROCUREMENT S "S_PATENT RIGHIS
BUDGET 'NFORMATIONE""' ADVANCED 'C.O0. APPROVALS TTLE Li- . DE{E ol omier CthcaSE
SOURCE AMOUNT T TPRIOR-| spec't | noNE | PoOL | SPEC'L | OTHER | YES | SUB. CNTR. | PRIORITY | TITLE |CENSE FER
ACCOUNT — 1 Y
T
|
|
|
|
|
I ;
I .
OBJECT CLASSIFICATION AMOUNT * Extend to 5/31/77

FACULTY TENURE
FACULTY NON-TENURE
SUMMER FACULTY
OTHER ACADEM
RESEARCH STAFF
HOURLY

BI-WEEKLY

GRAD STUDENT

“ERRPBEREFITS
TRAVEL )
FOREIGN TRAVEL
MATEéIALS & SERV.
I.P.C. EXP. ‘
EDP. EXPENSE
EQUIPMENT
SCHOLARSHIPS
TUITION
QTHFR CHARGE
STIPENDS
INDIRECT

TOTAL * s

*SHOULD AGREE/WITH AUTHORIZED TOTAL . 9 /& .
/ow Nd. CO-001 9/70




_MEMORANDUM. =

To:
From:

Subject:

In your letter to N.S.F. of November 18,

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
RESEARCH LABORATORY OF ELECTRONICS

CAMBRIDGE 39, MASS,

February 11, 1977

Prof. R. Weiss
D.F. Duffy  JYFD

OSP 82958 N.S.F. Grant MPS75-04033

/5/17

1976 you stated that

thought would be given to preparing a proposal for continuation of

this work.

As you know, N.S.F. usually likes about 6 months advance

time on new proposals, and 4 months time on renewals for evaluation.
Therefore, as your current grant expires 5/31/77 this would be an
appropriate time to begin its preparation if you plan to submit.

ol

5 i g e




1
MASSACHUSETT:S INSTITUTE OF TECHNOLOGY S}:}; { 7 7 ‘
' k T i
RESEARCH LABORATORY OF ELECTRONICS

,,,,,,,, VR

CAMBRIDGE, MASS. 02139

November 18, 1976 k%?;ﬁ

~
Dr. Richard Isaacson &ﬁ&gL
National Science Foundation 4}/

 Washinmgton, D.C. 20550 e

Dear Dr. Isaacson:

I am writing in regard to the N.S.F. Grant MPS75-04033 entitled :
"Interferometric Broad Band Gravitational Antenna". As you know this ;
grant has been given a no-cost extension from June 1976 to the end ?
of November 1976. At present there are about $25K remaining in the
grant which are not committed. How this has happend I will describe
below. I am asking to have the grant extended for another 6 months
and in addition during these 6 months will submit a grant renewal
request. ‘

In order that you might understand all of this, I have to tell
you some of the history of this project. The idea that one could use
free masses sensed interferometrically as a large baseline gravitational
wave antenna has been evolving in my mind since 1971. At that time
I had several undergraduates working on aspects of such a system, in
particular senior theses were carried out on laser noise measurements
and suspension design and testing. By 1972 a very good graduate
student, Kingston Owens now at the Princeton Plasma Laboratory, began
construction of a small interferometric antenna which was to become
his Ph.D. thesis. The work at that time was supported by the military
under the Joint Services Electronics Program. By the end of 1972, the
military had lost interest in gravitational research and I applied
to the N.S.F. for research support. The proposal to the N.S.F. was
unfavorably reviewed at the time most likely because it was too big
a step from acoustic gravitational wave detectors which still looked
promising especially as the Weber experiments had not been convincingly
confirmed or refuted. I made a request from the Sloan fund at M.I.T.
which was granted. This money, about $20K, was used to buy equipment
but could not be applied to salaries. Kingston and I continued to work
on the antenna through 1973 and evolved a second proposal to the N.S.F.
which was approved in June 1975.

L _ Before this time however Kingston's support had run out and I put o , B
him onto another project. In September of 1975 a new graduate student, :
supported by other funds, began working on the project; frankly he did
not work out and left in January 1976, In the course of this year I
have made numerous attempts at interesting other students in the experiment
with little success. Gravitation research, although viewed as fascinating,
is considered too hard, and unfortunately profitless not only by the
average student but also by much of the physics faculty. In short, the
atmosphere if not outright hostile to such research is certainly sceptical.

Even I was becoming more timid and in fact was seriously considering
returning the unspent funds in the N.S.F. grant and getting out of the
gravitational radiation research business entirely.



Several factors have increased both my interest and optimism.
First, in the course of running a N.A.S.A. sponsored study on the uses
of space in experimental relativity, it dawned on both Peter Bender
and me that interferometric systems using the large baselines in space
afforded a real chance to look for gravitational radiation from slow
objects such as stellar binaries. Although these measurements appear
impossible from the ground; in space the dominant noise may well
be the cosmic proton flux and a 1 kilometer baseline system, using
laser interferometers loosely coupled to a frame, could measure the

radiation from several binary systems with integration times of the order
of a few months. Bender and I will study this further, hopefully with

a small grant from N.A.S.A. The important thing is that aside from just
setting better upper limits on the gravitational radiation flux, there

is now an actual, albeit remote, goal to continue development of inter—
ferometric antennas. The second point is that I have found a good
physicist, Peter Kramer now a post doc at Arizona, interested in working
with me at M.I.T. on the prototype antenna. He would like to start work-
ing on the antenna as soon as possible. Finally, I hear from various
colleagues that the transducer problem in the cryogenic high Q bar
antennas is formidable and this is driving several groups toward interfero-
metric sensing systems. In particular, Ron Drever has come to the same
conclusion as I that interferometric large baseline systems are the most
promising direction forthe future.

In short, this letter is intended to tell you that damn little
actual progress on the prototype antenna has been made in the past year
aside from some minor work on fast electronics for the fringe detection
system. I know that on the basis of the experimental progress alone a
renewal request at this time would not survive a review procedure. On
the other hand some real progress in the theoretical developments has
been made and that now with the active interest of another capable physicist,
progress in the experimental work on the protytype antenna can be expected.

I would like the N.S.F. to continue the no-cost extension for
another 6 months. Kramer can begin in February of 1977. About $11K
of the remaining funds would be used to support him; the rest, amount-
ing to $14K, used for materials and services, especially ‘technician time
and shop costs. During this period Kramer and I would formulate
a renewal proposal to the N.S.F.

Sincerely yours,

“Rainer Weiss
Professor
Department of Physics

cc: J. Carrabino/NSF

Endorsements

%QPW/

Peter A. Wolff
Director

Office of f/pﬁsore ams Research, Laboratory of Electronics
Date: /ﬁ/ 45 pate: Az, /cf STRE




MASSACHUSETTS INSTITUTE OF TECHNOLOGY

RESEARCH LABORATORY OF ELECTRONICS

CAMBRIDGE 39, MASS.

November 16, 1976

MEMORANDUM

To:

-

From:

Subject:

The above referenced grant will terminate on November 30,
1976. 1In order to take advantage of continuing this grant and
spending the balance of funds remaining we must submit a
written request to N.S.F. prior to that date. If the request is

not made this account will be closed out and a final report of

R. Weiss
B. McCarthy 6

OSP 82958 - N.S.F. Grant MPS75-04033

expenditures prepared by M.I.T.

If we can help in any way please let me know.

cct J. Hynes




ﬁ %{{ MASSACHUSETTS INSTITUTE OF TECHNOLOGY
9 >
™

RESEARCH LABORATORY OF ELECTRONICS

CAMBRIDGE, MASS. 02139

July

Mr. Gaylbrd L. Ellis
Grants Offise

National Scienice Foundation
Washington, JjakC. 20550

Ré‘ference: Grant MPS 704033

Dear Mr, Ellis: -

| AN

We request youk permission t¢ exceed the authorized faculty salary

total by $1,298, This ingrease is brpught about mainly by charging 12%
of my time during part of \the flexibility period September 1, 1976 through
November 30, 1976 and alsy because the actual charge during the original
grant period exceeded the prgposed by a small amount;~ $300 due to a
salary increase,

Sincerely yours,

AN Rainer Weiss
Principal Investigator

Enddrseme“qts
3
Y
John J, Hynes - _ Reter A, Wolff
Operations Coordinator D“iﬁrector .
- Office of Sponsored Programs Regearch Laboratory of Electronics
Date: B _ : Dat\qx:

/ ' NI, } S -




T MASSACHUSETTS INSTITUTE OF TECHNOLOGY '
RESEARCH LABORATORY oF ELECTRONICS

CAMBR(DGE MASS. 02139

it suly 20, 1976 -

MEMORANDUM =

- : To: .-Prof R. Welss ]T
From: ) Paul L. Smlth/ZQ?/

Subject: ;fff"Renewal ProposalTOSP 82958

; . . ».: ,~‘, : B L

Your: present -NSF Grant MPS75< 04033 ,
-termlnates on November 30, 1976 A ; Most of the

. government agencies like at 1east 6 months lead time to -

N consider new proposals. If you need a copy of the last
proposal, please let me know.'

g - L T T S T T PR
’ L .
. . L
L
. - -
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY g
"RESEARCH LABORATORY OF ELECTRONICS

CAMBRIDGE, MASS. 02139

June 2, 1976 -

MEMORANDUM
To: J. Kosut (
From: H. J. Zimmermann j%‘- L

Subject: OSP 82958

Please extend the expiration date on the above

account from 5/31/76 to 11/30/76.'

PLS/jg

. oo r..,,R,.r oo -rei SS ~




af

e D Zimmermann

:__;__'L‘ \ | . !

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
RESEARCH LABORATORY OF ELECTRONICS

CAMBRIDGE, MASS. 02139 .
-~ 2~ARAMS
gy -} ? GJR
7 07 POER-

0FFC:

, e
Ref.lﬁ../"& -

Mr. Gaylord L. Ellis
Grants Officer

‘National Science Foundation
Washington, D.C. 20550

Dear Mr. Ellis: . L

This note is a request to change some permanent
equipment I would like to buy for the project
"Interferometric Broad Band Gravitational Antennal
Ssupported by N.S.F. 1In the original proposzalfor
two years we were going to buy an instrumentation
tape recorder in the first year for $8,000 and a disk

at $5,000 for the PDP 11 computer in the second year.

We have been able to borrow an Anmpex FR 1300

. tape recorder for about one year and find need for
the disk in both the design calculations and the
data analysis. I request that we buy the disk now
and use the difference in cost of recorder and disk,
amounting to $3,000, to purchase a high voltage broad
band amplifier to drive the electro-optic modulators
in the interferometer (specific vendor has not yvet
been determined). '

Sincerely yours,

Copy sent 3/16/76 to: ' - Lv// i

Dr. Weiss

Principal Investigator
Ms. Kosut . P g

NSF Grants Office
(PHY75-04033)

Endorsements t
W/M : ' ~-\'/ég/; LYy Q-‘:\j( Lil- 1100 ey it
Jane Kosut : Henry J. Zimmermann
Assistant to the Director _ Director /| /
Office of Sponsored Programs . Research Laboratory of Electror
Date: 3«3-70( ' _ Date: 2,/ 2 /7 7/

Cr e My s e :
M-S 2 vhemenmnnin 3/ 2 /5 ¢

e W e e oo

~..Rainer Weiss. . S —

% o



. two years we weng

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
RESEARCH LABORATORY OF ELECTRONICS

CAMBRIDGE, MASS. 02139

February 12, 1976

0sP 82958
MPS75-04033

Professor Henry J. Zimmermann

Dear Henrw¥:

This nd¢e is a request to change some permanent
equipment I would like to buy for fthe project
"Interferometric Broad Band Gravifational Antenna"
supported by the NSF. In the oryginal proposal for
' e going to buy &n instrumentation
tape recorder intthe first yeay for $8000 and a disk
at $5500 for the EDP 11 compug-r in the second year.

We have been ﬂple to bofrow an Ampex FR 1300
tape recorder for aRout onej/year and find need for
the disk in both the\desigy calculations and the
data analysis. I reguest /that we buy the disk now
and use the differencd, in/ cost of recorder and disk,
amounting to $2500, to\plrchase a high voltage broad
band amplifier to drlve}the electro-optic modulators

in the interferometer./ \
Sincerely yours, .

Rainer Weiss

RW:CFS

No final d5c1510n has been ma&e as to the Vendor on

the broad- banr equipment.

St oY NS,

Endorsements

MmN

Henry J. Zlmmermann
Director ‘wnj-f /
Research Laboratory of\Electronics

-

Jane Kosut | Date: /Ms/z/\ /& 1970
Assistant to the Director

"\

Office of Sponsored Programs

Date:

A LC . l/\‘f(‘(."(; e N
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| / | NATIONAL SCIENCE.FOUNDATION
| WASHINGRON y e 20550

Dr. Rainer Weiss : I B
—Department of Physics - o e E o
Massachusetts Institute of
Technology
Cambridge, Massachusetts 02139

Dear Dr. Weiss:

I am pleased to learn that the Foundation has issued the official letter
awarding Massachusetts Institute of Technology an NSF grant to support
your research entitled "Interferometric Broad Band Gravitational Antenna,"
for a duration of 12 months. I enclose a copy of the official award letter.

The enclosed booklet, "Grants for Scientific Research," may be useful.

In particular, I think that you will find the reporting requirements,

as set forth therein, modest and not inconvenient. We greatly appreciate
receiving brief notes descriptive of any particular striking or significant
advances made by you. Such statements are of real value to us in our
efforts to enhance the support the NSF can offer the scientific community.
To the same end, it is important that appropriate acknowledgement of
Foundation support be made in publications. :

We are genuinely interested in following the progress of your work. Please
do not hesitate to call upon us if we can be of assistance in any matter
connected with this grant. My associates at the National Science Foundation
join me in wishing you a successful period of research under your grant.

~ Sincerely yours,

I
et P,
&ébuf' GQ“”?Y1E23C1/

Stuart L. Meyer

Program Director for Intermediate
Energy Physics

Physics Section

s Pnelosures

—————— . 7 ) . .

) Pk O “ppd s | 37
) Gkl Crbe.

M o




e N . 3

'NAUONAL SCIENCE FOUNDA'IHON
WASHINGFON D. C. 20550 ‘

MM211W5 :

RN X

! _Pr. Jerome B. Wlesser, Presidest - - o
 Hassachusetts Institute of Techmology Pmpwa}./ Grant 2%0,
Cambridw. Hassachusetts 02138 L %875-0&033

»Bear e masaer' )

I in a pleaaure to inform you that ,;53 Q0¢ ig granted to
- HMassachusatts Iuatitute of Techmolegy for support of the proj-
ect eotitled "Interferometric ¥road Band Gravitational Aatemna™
#s outlined in the above-rmwsbered proposal. This project is tmde:‘
tiaa drection os? Balner Velss, Depavtment of Physics. _

The Funds provided by this grémt are intended to assist in the
support of the projeet at the agreed level of effort for approxi-
vately twelve moniha. The NS¥ share of such support ls swsaw
rized in the attached twdzet. The grant is effective Juns 1, 1973
and, wlese otherwise amended, will explire on Fovesber 30, 1976.
.. The graat period imcludes the flexibility peried described in

-~ Seetion 120 of WSF 73~26, “KS¥ Urant Aduministration Manual.”

‘Tie provisions of FL 25, "Mdninistration of N3F Project Averd,® . i
attached, are a?plicaﬁle to this grast. S e J
Appropeiate pmvism of HSP 73-12, "Grants for Scientific Ressarch,”

" ava applicabls to the scientific or techaical divection of the o
project and the prepovatien of technical reports. o S

. . - : - |

‘ L

Attactsents B _ R

~ PRINCIPAL INVESTIGATOR/PROJECT DIRECTOR COPY
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. SUMMARY | ¥ps75-04033

NATIONAL SCIENCE FOUNDATION A

ADDRESS OF INSTITUTION (ncLupe BRANCH/CAMPUS & COMPONENT)

JTION (NSF DIRECTORY NAME)

pchusetts Institute of Technology - |Cambridge, Mashaehusetts 0z139 . .

Cae
INVESTIGATOR
BRI Lfhefionbhhuscbefiefoncheles

- SOCIAL-SECURITY NO. ™

DIVISION (OFFICE) AND DIRECTORATE

piver Velss . yogoc it WWMW

/QAI- NUMBER . o R . . o o RN N
ﬁﬁs zﬁgé WDQ‘) L . ’

"Interferometric Broad Band Gravitational Antemna™

SUMMARY OF PROPOSED WORK lLiMIT 1o 22 Pica OR 12 ELITE TYPEWRITTEN LINEs)

sensitive to a lavge class
than existing resonant bar

antennas; however, any reasconable estimates of the source streugths of known and
imagived sources 8t111 indicate that the P

retotype anteana will only be able to set
~ upper limits om the gravitational radiation intensity. It is hoped that tie .
_ techniques developed csn be emed in interferometric sntennas with bagelines of the
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY
i .
RESEARCH LABORATORY OF ELECTRONICS

CAMBRIDGE, MASS. 02139

August 8, 1974

Proposal to

- National Science Foundation

"Interferometric Broad Band Gravitational Antenna'

Abstract

This proposai is for an NSF grant to continue the develop-
ment of a broadband gravitational radiation antenna that uses
free masses as antenna elements. The masseé are the mirror
mounts of a laser illuminated HMichelson interferometer which
is used to measure the gravitationally induced strains in
space. Although the proposed scheme is in some regards tech-
nically more difficult than resonant bar antennas, it holds the
promise of extending the search for gravitational radiation to
-a sensitivity such'tha; one may expect to detect the radiation
from variods astronomical”sources. The first step is a small
prototype interferomeﬁric antenna with 9 meter arms. This
prototype is at least 1000 times more sensitive to a large class
of astronomical sources of gravitational radiation than exist-
ing resonant bar antennas; however, any reasonable estimates
of the source strengths of known and imagined sources still
indicate that the prototype antenna will only be able to set

upper limits on the gravitational radiation intensity. It is

“hoped that the techniques developed can be used in interféro-= =
metric antennas with baselines of the order of a kilometer or
more, since the sensitivity of this type of antenna increases

with the square of the baseline.




Preliminary work has been going on at M.I.T. for several
years with the support. of the Joint Services Electronics Program
and the M.I.T. Sloan Fund. The JSEP has terminated support

- .--for the project as of -June 1974 ‘as it cannot justify the ~ -

relevance of gravitational research to its own program. The
proposal to the NSF is for operations costs for two years,
‘the installation of the antenna at an off campus site and for

data acquisition equipment.

Introduction

It is probably safe to say that gravitational radiation
has not been detected to date. This is unfortunate, for had the
Weber experimentsl’2’3’4 been confirmed by otherss’6’7’8’9’lo,
gravitational wave astronomy would have opened up a new window
into the universe as well as provided a handle to test relativistic
vtheofies of gravitation.
Fac1ng cold realities after the considerable theoretlcal
- work engendered by the Weber experiments, it now seems that a
legitimate search for gravitational radiation from astronomical
sources will require a substantial improvement in detector
sensitivity, possibly by a factor of lO4 to 106. A compilation
of gravitational radiation sources and their hypothesized spectra
is given in appendix 1.

At present there appear to be three approaches that may
lead to gravitational wave astronomy with higher sensitivity,

none of whlch is w1thout problems. The flrst 1s the develOpment

of cooled hlgh Q bars.‘ The assnmptlonrls that Sane the
dominant noise in’ room temperature antennas is thermal noise,
the overall system noise'will scale with temperature. Even if

this is true, cooled barsiwill require significant advances in




transducer technology to reach their ultimate potential. The
second approach, complementary to the others, is to use many
cross-correlated antennas, a scheme that gains sensitivity with

the square root of the number of antennas. Thirdly and finally,

w..i.s..v—-to.«Nu-rs.e--»-«a-n--te»n‘r-xas-u.«erm.pl—oya..vi...n.g.w.~.l.a.1:ge,.ba.se.l.i,ne':.s_,.to,frapi*-Fﬂi?@ on
the property that a gravitational wave creates a strain in space
while the noise, is to first order independent of the baseline.
For a given displacement noise, the minimdm detectable gravita-
tional wave intensity decreases with tﬁe équare“ofbthe antenna
baseline which is ultimately limited by the condition that the
‘dimensions of the.antenna must be less than or equal to the
wavelength of the gravitational wave.

The basis of this proposal is the development of a small,
interferometric antenna with 9 meter arms. Although the antenna
is 1000 times more sensitive than existing gravitational wave
. detectors, it is viewed as a prototype of a much larger system
with a baseline of a kilometef or more. The interferometric
antenna is broad-band and therefore useful in detecting periodic,

impulsive and broad-band gravitational radiation sources.

Theory of a Gravitational Wave Interacting with Free Masses

In his 1918 paper on gravitational waves Einstein(ll) showed

by a perturbation argument that a weak gravitational;plane wave
has an irreducible metric tensor in an almost Euclidean space.

The total metric tensor is

915 7 M5 T Pig W
where
1 0 |
_ -1
Ny = 0 -1 . (2)




is the Minkowski background metric tensor. hij is the perturba-

tion metric tensor due to the gravitational wave and it is

_assumed that all components of this tensor are much smaller = =~

~than 1. If the plane wave propagates along the Xy direction,

it is always possible to find a coordinate system in which'h-ij

takes the irreducible form

(0 S0 )
_ - - - = 4 = = =]
.. = 3
ij | (3)
0 RPYREPE
REPILEE
\ L J
with h22 = - h33 and n23 = h32. The tensor components have the usual

functional dependence f(xl - ct).
To gain some insight into the meaning of a plane gravita-

tional wave, assume that the wave is in the single polarization

state h,; = hy, = 0 and furthermore let h,, = - hyy = h sin
(kxl - wt). The interval between two neighboring events is
then given by
4e? - i, 2.2 2 o2
s7 = gijdx dx” = c7dt” - [dxl + (1 + h 81n(kxl wt))dx2
+ (1 - h sin(kx1 —.wt))dxi] : (4)

The metric relates coordinate distanées to proper lengths. In

coordinates are not proper lengths. One can give some réality
to the coordinates by placing free noninteracting masses at
various points in space which then label the coordinates. The

tric coordinate time is proper time; however, the spatial =




proper distance between two coordinate points may then be
defined by the light travel time between the masses.  Let

“there be a light source at X, = - 2/2 and a receiver at ,
“T“KEWE”%72tf'For'Lignt the totdl interval is always "Zero SO ey
that | | |
as? = 0 = c?at? - (1 + h sin(kx, - wt))dx (5)

'since h << 1

- wt)]dx ‘ (6)

cdt = [1 + 2 sin(kx ,

2 1

If the light travel time, At, is much’ less than the period of
the wave, the integral for At becomes simple and one gets
P N |
At = (1 - 5 sin wt)g (7)
In the absenceof the gravitational wave At = Ko/c = f/c, the

coordinate distance becomes the proper length. The variation

in At due to the gravitational wave is given by

SAt = (% sin mt)é (8)

This can be interpreted as though the gravitational wave
produces a strain in space inthe X, direction of
B2

Sin wt = ——2—'— (9)

>
=
N i=;

There is a comparable strain in theric3 direction, however inverted =

in phase.

The intenéity of the gravitational wave in terms of the
) 12

plane wave metric tensor is given by Landau and Lifshitz as
. , 5
L o3 dh,, , L1 dh22 _ dh33 2 (10)
g 164G dt 4% dE




For subsequent calculations, it is more useful to relate
the power spectrum of the gravitationally induced displacement
to the incident gravitational intensity spectrum. -
2 .

2 2
L2 =th(wymgéwnwgﬂg&

2
g g9
T 32 oty

" where lO is the separation of the masses.

The Antenna Design

The principle idea of the antenna is to measure the geodesic
deviation of free masses by passing light signals between them.
The notion is not new;it‘has appeared as a Gedanken experiment
in F.A.E. Pirani'sl3 studies of the measurable properties of
the Riemann tensor. However, it became a practical idea only
with the advent of lasers and the realization that interferometric
distance measurements could be made to a much higher precision
than the wavelength of light. The limit is determined by the
quantum limited shot noise (Poisson noise) arising from the
granularity of light and the statistics of the detection process.
It was quickly realized that interferometric gravitational wave
antennas had several unique properties; they are broad-band
detectors, can be extended to the optimal size of the gravitational
wavelength and are not loaded by the displacement detectors.

Initial work on such antennas began at M.I.T. in 1970 as

(w,),< = O .I,.. ..,.(..(..l).,)“ o e s v i - N< X SRR S R (..iij e i+ S s S o e o s g

..bart of sevecral senior thesis projects following the development =

of an experiment in 1967 that demonstrated shot noise limited
'intcrrogation of fringes in a laser illuminated Michelson inter-

C 14
ferometer




For the last two years, the design and construction of the

prototype antenna has been the Doctor's thesis of Mr. D. K.

—-Owens--at- M.I.T.-who-has—-econtributed substantive-ideas “to the ~ — = =

project.

Work began at Hughes Aircraft under the direction of Dr.
R. Forward on an interferometric antenna design for use in
space at the instigation of Dr. Philip Chapman then of N.A.S.A.
Houston and a frequentvisitor to M.I.T. in early 1970. The
work at Hughes culminated in a premature publicatioﬁ which
did not do the idea justice but nevertheless demonstrated again
that laser interferometers operating at the Poisson limit
were feasible.ls; | |

A schematic drawing of the antenna being constructed at
M.I.T. is shown in figure 1. Three masses are suspended on

7 torr).

horizontal seismometer mounts in high vacuum (P < 10
The three masses are the mirror mounts of an equal arm Michelson
interferometer illuminated by a commercial 1 watt Argon ion

laser. Each interferometer arm is a 9 meter long reentrant
optical delay line comprised of dielectric coated spherical mirrors
in a near confocal configuration. The laser beam is split by

a 50 - 50 beam splitter and enters the delay  lines through a

hole in the spherical mirrors. The beam makes approximately

300 passes in each cavity before reemerging through the same

hole by which it entered. The emerging beam passes through

Pockel's cell phase shifters and is recombined by the beam

splitter after which itis detected by a water cooled PIN Silicon -

photo diode.
The interferometer is held on a fixed point of a fringe by
a servo system using the Pockel's cell phase shifters as control-

lers. The servo errorsighal is derived by modulating the optical




phase in oppositely polarized Pockel's cells in the two inter-
ferometer arms by *7m/4 at a 10MHz rate. The fringe phase
modulation is synchronously demodulated yielding an error
signal which is applied to the Pockel's cells to maintain the

~—fringe-modulation-symmetry:—The-error -signal -is-proportional- - i

to the differential displacement of the end masses and is the
output of the antenna. With the servo operated in this manner
as a nulling device the laser amplitude noise at frequencies
other than the modulation frequency is sﬁppressed, provided the
open loop galn is high enough. :

The dynamic range of the Pockel's cells is limited to phase
shifts equivalent tQ a few wavelengths motion of the end masses.
Two approaches can be taken to increase the dynamic range of the
interferometer to accomodate long term drifts due to ground
noise and temperature changes. The first is to employ a slow,
large dynamic rahge controller to move the end masses, for
example an electrostatic force applied to the end masses,
to hold the interferometer on a single fringe. The second
approach, which We‘have adopted for the small antenna, is to let
the interferometer jump from one fringe to an equivalent point
on the neighboring fringe when the error signal has reached a
predetermined value. The fringe jumps are counted in an up-
down counter, converted into analog signals and passed through
a high pass filter. The low frequency cut off of this filter
determines the low frequency response of the antenna. The
output of this filter is added to the continuous'fringe output
signal and recorded as the antenna output. The fringe jumps

take place in a time determined by the time constant of the

Pockel's cell which is of the order of 10~° seconds, during

this time the post mixer analog circuitry is reset as well.
:By properly setting the timing and the error signal amplitude
at which the fringe jump occurs, it is possible to make the
transients in the antenna output comparable to the Poisson

noisc.




We have measured the amplitude noise of a Spectra Physics
model 165 Argon Ionlaser at variouspower levels with the laser
oscillating in both multi and single longitudinal modes. Figure

2 shows the results of these measurements with the laser oscillat-

__.of passes. is limited by the reflectivity and optical quality

ing in a single longitudinal mode. At frequencies below 300KHZ,
the power spectrum of the amplitude noise is dominated by

ion acoustic and plésma oscillations as well as spectral peaks
at multiples of the pdwerline frequency due to inadequate
filtering in the po@er supply. At frequencies above 3MHz,

the amplitude noise closely approaches the Poisson limit even
at 1/2 watt output. The measurements were limited to a maximum
of 1/2 watt becauseof the onsetof space charge limited flow

in the Silicon photodiode at highef power.

The frequency stability of the laser is not critical
provided that the difference in optical delay in the two inter-
ferometer arms is less than thereciprocal of the osc1llat1ng
laser line width. Typically, for the Argon laser a delay
difference of 10—9 seconds (30cm) will contribute a displacement
noise due to frequency instability that is less than 1/10
of the Poisson amplitude noise.

The multipass delay lines that comprise the intefferometer
arms are useful componentsin an interferometric antenha as
long as the Poisson amplitude noisedominates the antenna noise
budget and the delay line storage times remain less than‘l/2’
the period of the gravitétional wave. For fixed laser power,
the multi-pass afms increase the fringe phase sensitivity of

the interferometer by the number of passes per arm. The number

'of the mlrror surfaces..
As long as the Poisson amplltuden01se is domlnant, the
optical delay 11ne 1s equivalent to 1ncrea51ng the length of

the antenna, however at those frequencies where noise sources,



such as thermal and ground noise, that physically move the
end mass dominate, the only way to increase the signal-
to-noise ratio is to actually increase the antenna baseline.

thicalmdelay;linesusingwsphericalﬂmirrgrsmhéve been
described by Herriotth. D.vK. Owens at M.I.T. has studied and
constructed delay’lines using spheriéal mirrors, a briéf"
description of his results aré given in appendix 2. He has
‘discovered several interesting and useful properties of these
delay lines. The most encouraging one is that the delay lines
are easy to align. Ifthe reentrant condition is satisfied,
namely that the input and output beams pass through the same
hole, the delay linebeha?es as though the beam is reflected by
the back of the front surface of the mirror which has the coupling
hole in it. The position of the’output beam is independent
of the transverse position and angle of the far mirror as long
as the beam pattern does not spill off of the mirrors. As is
discussed in appendix 2, (if the>reentrant condition is satisfied)
the time delay of thé beam in the caVity is insensitive in first
order to transverse motions and rotations of\the far mirror.

The mirrors intheprototype antenha are 4 inches in diameter,
have a radius of 9 meters, a reflectivity of 99.5% at 5145A
and 6328A énd are good to 1/10 of a wavelength over their
entire surface. The coupling hole has a diameter of 1.5mm.

The design of thesuspensions for the antenna masses has
defied a simple, elegant and economical solution. The suspensions
have to satisfy several conditions. First they must have a high

Q to reduce the coupling to thermal fluctuations. -Second they

“must provide isolationfrom ground and acoustic noise. What makes

the problem difficult is the inevitable collection of normal
modes of motion of a mechanical system which cross-couple and by
parametric conversion transfer energy between each other. In

other words, the isolation calculated for a long'peridd suspension

-10-




is never realized in practice because the suspension structure
has its own resonances that couple into the principle mode

of the suspension. This is a problem that has long been
1

recognized in the design of seismometers and gravimeters . T T

A rule of thumb to minimize problems in suspensions is to
keep them simple and to force the resonances of the structural
members toward high frequencies.

A possible answer to the suspension problem is to use a
diamagnetic superconducting suspension or other field suspension
such as servoed electrostatic or magnetic supports. We have
made analyses of such systems and in fact constructed a proto-
type electrostatic suspension. However, for a first éttempt
at testing the design of theentire antenna, it seems prudent
to make an imperfect compromise which has the virtue of
simplicity.

The masses are 10kg aluminium blocks suspended as pendula by
4amm diameter fused quartz rodsl meter long. The fundamental
period of the suspension is 2 seconds and has a Q in excess
of 106. The Q is determined by the internal losses in the
quartz but only 5% of the energy ofthe oscillator is stored
in the quartz. The remainder is stored in the gravitational
field of the earth, so that the total Q is higher than. the
internal Q of quartz. The principle problem associated with this
suspension is the normal modes of vibration of the quartz rod
which occuf at approximately 250Hz intervals. . |

Since the interferometer is insensitive to transverse

~«xmotien¢and:rotationxqfﬂtheﬂfar;mi¥£Qx§Leth§,159¥§F§93.PF9Y}§§§; e

by thekSUSpcnsion is mostcritical for motion along the lengths

of ‘the interferometer arms.

For diagnostic purposcs as well as to measure the ground

noise contribution to the antenna output, each of the suspended

-11-




masses is the inertial member of a horizontal seismometer.

The motion of the ground relative to the antenna masses is

- measured by using capacitive displacement transducers attached

|

by the seismometers can be subtracted from the antenna output
as described in thefollowingscheme.
The suspension ischaracterizedby the transfer function

T(w) = xm(w)/xg(w)

where xm(w) is the Fourier componentof the displacement of the
suspended mass in inertial space when driven by a ground
motion xg(w), also referred to inertia} space. xg(w) is
composed of seismic noise as well as the motion of the earth
induced by the gravitywave. The interferometer measures the
displacement of the massesrelative to each other. The

relative motion of the masses, Axm(w)lis

Ax (w) = AxGW(w) + Ty (w)xgl (w) - Tz(w)x (w)

g2
where AXGW(w) is the motion due to the gravitational wave

and the subscripts 1 and 2refer to the two suspensions involved
in a single arm of the interferometer. The seismometer
measures the motion of the earth relative to the position of

of the suspended mass. At one end of the interferometer arm the

seismometer output is

AX v (w)

Axpy (w) = —5mt 4 (T () = 1) xgy (W)

while at the other endit is

"AXGW(w) : ;
AXRZ (w) =- S + (Tz(w) —l)xgz(m)
The contribution due to the gravitational wave in terms of the

measured quantities is given by

~12-

-to-flanges—in-the-vacuum-housing. - The-ground -noise-measured . ... ...




‘ - - + T - - Ax
A } Axm(Tl l)(T2 1) AXR2.2(Tl 1) Ry
O - T - 1/2(T, ¥ T, -

Tl (Tzfl)

For Tl and T2 << 1

GW 1 "R,72

Ax = Ax + Ax_, T, - Ax_, T
m Ry Ry

The ground noiSe subtraction scheme looks promising if
the suspension transfer functions are small, in other words,
there is already substantial isolation of the ground motion and
the non—linedrities thatmay make the transfer functions amplitude

dependent are small as well.

Noise Sources in the Antenna

The power spectrum of the noise from various sources in
an antenna of the design shown in Figure 1 is estimated below.
The power spectra are giben in equivalent displacements squared
per unit frequency interval.

1) Amplitude Noise in the Laser Output Power

The ability tomeasure the motion of an interferometer
fringe is limited by the fluctuations in amplitude of the
‘photo current. A fundamental limit to the amplitudé noise in
a laser output is the shot noise in the arrival rate of the
photons, as well as the noise generated in the stochastic process

e S EEACETSN, “At bestalaser-can- exhibit ‘Poisson -amplitudes i

noise. This limit has becn approached in single mode gas lasers
that are free of plasma oscillations and in which the gain
in the amplifying medium at the frequency of the oscillating

optical line is saturated.

o

-13-




The equivalent spectral noise displacement squared per

unit frequency interval in an interferometer of the design

in Figure 1 illuminated by a Poisson noise limited laser and

*ﬁsing"optimal"signalwprocessingwis“given“bY“'“”W

2 : hca
x“(f) > .
12epp2 o b=-1) (I

" h is Planck's constant, c the velocity of light, A the wave-
length of the laser light, € the quantum efficiency of the
photodetector, P the total laser output power, b the number of
beams in each interferometer arm, and R the reflectivity of
the spherical mirrors. The expression has a minimum value

for
b =2/(1 - R)

As an example, for a 1/2 watt laser at 5000 A° and a
mirror reflectivity of 99.5% using a photodetector with a 50%
quantum efficiency, the minimum value of the spectral noise

power is

-32

xz(f) > 2x10 cmz/Hz

2) Laser Phase Noise or Frequency Instability

Phase instability of the laser iS’transformed'into displace-
ment noise in an unequal path length interferometer. In an
ideal laser the phase noise is produced by spontaneous emission

which adds photons of random phase to the coherent laser radiation

oo .field...The laser phase performs a random walk in angle around

the noise-free phase angle given by ¢o = wot. The variance
in the phasc grows as (K$)2 = t/st_ where 8 is the number of
photons in the laser mode, tc the laser cav1ty storage time

and t the observation time. This phase fluctuation translates

-14-



into an oscillating-fréquency width of the laser given by

1

§ = 4ttt s
c

. Armstrong (18) has made an analysis of the spectral power
distribution in the output of a two-beam interferometer il-
luminated by a light source in which the phase noise has a
Gaussian distribution in time. Using his results, the equivalent
power spectrum of displacement squared per unit frequency in

the interferometer is given by
2 -
x (£) =5 Ty

in the case where f1 << 1 and 81 << 1. 1 is the difference

in light travel time between the two paths in the interferometer.
The main reason for u31ng a Michelson interferometer in

the gravity antenna is that T can be made small, if necessary

equal to zero, so that one does not have to make excessive

demands on the laser frequency stability. In most lasers

8§ is much larger than that due to spohtaneous emission,

especially for large t. However, for small T, & does

approach the theoretical limit. In a typical case § might

be of the order of 10 Hz and 1 approximately 10”9 seconds,

which gives

-38

xz(f) < 2x 10 cmZ/Hz

e 3) - Mechanical Thermal - Neise .in.the .Antenna. . . . 7
| Mechanical thermal noise enters the antenna in two ways.
First there is a thermal motion of the center of mass of the
masses on the horizontal suspensions and second there is thermal

excitation of thevinternal normal modes of the masses about the
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enter of the mass. Both types of thermal excitation can be

andled with the same technique. The thermal noise is modeled

by assuming that the mechanical system 15 dfiven“byma“stochastieww»wwswlm;wu

driving force with a spectral power density given by

F2(f) = 4kTa dynesz/Hz

where k is Boltzmann's constant, T the absolute temperature
of the damping medium and o the damping coefficient. o can
be expressed in terms of the Q, the resonant frequency Wy of

the mechanical system and the mass
o = mwO/Q

The spectral power density of the displacement squared due to
the stochastic driving force on a harmonic oscillator is
4kTw m
°)
Q

1 1
2

2
x“(f) =
m‘wg (L - 22)2 + ZZ/Q2

where

Z = Ww/w
/O

The seismometer suspension should have a resonant frequency
much smaller than the frequency of the gravitational wave to

be detected; in this case z >> 1 and Q >> 1, giving

On the other hand, the lowest normal mode frequencies of
the internal motions of the masses including the mirrors and

the other suspcnded optical components should be higher than

-16-




the gravitational wave frequency. Some care has to be taken
to make the entire suspended optical system on each seismometer

ount as rigid as possible. For the internal motions z << 1

and Q¢ >> 1, so that

4kT

wng

X2 (f) =

If the internal Q is 105, the mass 10 kg, and the lowest
frequency resonance in the mass 10 kHz, the thermal noise due
to internal motions at room temperature for frequencies less
than 10 kHz is

35

x2(£) ~ 10° cm?/Hz

The thermal noise due to center bf mass motion on the
suspension for a Q v 106 and a resonance frequency of

5 x 10°T Hz becomes

1072
)

f

cmz/Hz

%2 (£) ~

for frequencies larger than the resonance frequency of the :

suspension.
4) Radiation Pressure Noise due to the Laser Light

Fluctuations in the output power of the laser can drive
the suspended masses through the radiation pressure of light.

In principle if the two arms of the interferometer are com-

SR

" pletely symmetric, both mechanically and optically, the -

interferometer output is insensitive to these fluctuations.
Since complete symmetry is hard to achieve, this noise source

must still be considered. An interesting point ih pondering

-17-




- this noise is that although one might find a high modulation

“noise, it is thespectral power density of-the-fluctuations—in—- e
“the laser output at the lower frequenéy of the gravitational

wave which excite the antenna. In other words, if this is a

serious noise source the laser has to have amplitude stability

over a wide range of frequencies. _

The radiation pressure noise can be treated in the same

manner as the thermal noise. If the laser does display Poisson
noise, the spectral power density of a stochastic radiation
pressure force on one mirror is |

2 _ 4bhP

2
F rad(f) = = dynes”/Hz

b is the number of beams in each interferometer arm
and P the average total laser power. Using the same sample para-
‘meters for the suspension as in the calculation of the thermal

noise, and those for the laser in the discussion of the amplitude

noise, the ratio

2
F rad

p2 (£)

T thermal

(£) '
vo5 o x 1070

5) Seismic Noise
If the antenna masses were firmly attached to the ground,
—...the.seismic.noise, both through horizontal and tilt motions of .. = ",
the ground, would be larger than any of thé'other.noise sources
considered so far. 'The seismic noise on the carth at frequencies
higher than 5 liz has been studied by several ihvestigatorslg’zo’Zl’22

at various locations both on the surface and at different depths.
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In areas far from human 1ndustr1al actlv;ty and trafflc, the

hlgh frequency noise can be characterlzed by a statlonary

:andom process. The noise at the surface appears higher

- tion of whether the high frequency noise is due to Rayleigh
or body waves has nhot been carried out. Measurements made
in a zinc mine at Ogdensburg, New Jersey,(lg) at a depth of

about 1/2 km and in Jamestown, California(zz) yield the smallest

published values of seismic noise. In the region between

10 to 100 Hz, the power spectrum is approximated by

-14
(f) v §-§Z£g~—— cm /Hz |

The spectrum has not been measured at frequencies higher
than 100 Hz; however, it is not expected to decrease more
slowly with frequency at higher frequencies.

By mounting the antenna masses on horizontal seismometer
suspensions, the seismic noise entering the interferometer
is substantially reduced. Theisolation provided by a single

degree of freedom suspension is given by

‘

X (V17 - 2+ 2700212 ¢ (23/0)°
Xy (£) (1 - 252 + (z/0)2
where z = f/f , and f is the resonant frequency of the suspen-

sion. X (f) is the dlqplaccment of an antenna mass at frequency

r~w¢x£wreiatxve~towanr1nert1almframe7 Xy t£) -is-the- motlon -0f- the-

carth measured in the same refcrcncc frame.
At frequencies for which z >> 1, the isolation ratio is

2 £ 4 £ 2
Y D=2 R B e} 1
3 L E 5

Q

x (f)
xz(f)
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For the sample suspension parameters given previously,

-the estimated seismic noise entering the antenna becomes

on® /Hz - 19,,‘,<,,,,,,f < 10 kHz

At frequencies higher than 180 Hz, the seismic noise is
smaller than the Poisson noise due to the laser amplitude
fluctuations. If the ground noise subtraction scheme described

- earlier can be made towork to a precision of 1%, the laser

noise remains dominant down to 50 Hz.

6) Thermal Gradient Noise

Thermal gradients in the chamber hous%ng the suspension
produce differential pressures on the suspended mass through
the residual gas molecules Tne largest unbalanced heat
input into the System occurs at the interferometer mirror
where after multiple reflectlons approximately 1/10 of the laser
power will be absorbed.

The excess pressure on the mirror surface is approximately

P v nkAT o

where n is the number of gas molecules ﬁer\cc, k Boltzmann's
constant and AT the 'difference in temperature between the
mirror surface and the rest of the chaniber. The fluctuations

in AT can be adequately calculated by solving the one-dimensional

problem of thermal diffusion from the surface 1nto the body of
the mirror and the associated antenna mass which are assumed

to be at a constant tcmperature.
The mirror surface temperature- fluctuatlons T(£);driven -

by incident intensity fluctuations I(f), is glven by .

AI(f)
T(E)

Il

4e0T3 + (ﬂc‘pk )l/zfl/7
o v 't :



The first term inthe denominator is the radiétion from

the surface; e is the emissivity, ¢ the Stefan-Boltzmann

constant, and T, the ambient temperature. The second term is

due to thermalﬂdiffusibh from the surface into the interior;:
c, is theAspecific heat, p the density and k, the thermal
conductivity of the mirror. ‘

If the laser exhibits Poisson noise the spectral force

density on the antenna mass becomes

: 2 ,
; 2 _ 2 (nk) he = 2
: FO(£f) = 7 “cvpkt) . p dynes /Hz

Radiation is neglected as it is much smaller than the thermal
diffusion. Using the following parameters for glass, c, ™
lO6 ergs/sec cm oK, anaverage laser power of 1/2 watt and a
vacuum of 1 x 10_8 mm Hg, the ratio between the thermal gradient
noise to the thermal noise to the thermal noise forces in the
sample suspension is
2

FT,G(f)

2
Fth(f)

1 -15
'\:;I.-lO

7) Cosmic Ray Noise
The principal component of the high energy particle
background both belowand on the earth's surface are muons

with kinetic energies larger than 0.1 Bev.(23) A muon that

_passes through or stops in one of the antenna masses imparts . .

momentum to the mass, resulting in a displacement given by

AE cos 0
A = "o
o
Al is thoicncrgy loss of the muon in the antenna mass,
O the angle between the displacement and the incident muon
momentum, m the antenna mass and W, the suspension resonant

frequency.

-21~
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The energy loss of muons in matter is almost entirely

/'ﬂmthrough electromagnetic interactions so that the energy

.0S8s per column density, k(E), is virtually constant w1th

while a 104 Bev muonloses ~ 30 Mev/gm/cm2

| The vertical flux of muons at sea level with an energy
'greater than 10 -1 Bev is approx1mately 10 =2 partlcles/cm2 sec
steradian. For energles larger than 10 Bev, the 1ntergrated
flux varies as ~ 10 /E (Bev) .

Since the flux falls off steeply with energy and the

~eénergy loss is almost independent of energy, the bulk of
the muon events will impart the same momentum to the suspension.
Using the following sample suspension parameters, m ~ lO4
grams, fO v 5 x 10 -1 Hz, p ~ 3 and typlcal linear dlmenilons
v 10 cm, the average energy loss per muon becomes v 10 “Bev.
At sea level the antenna mass might experience impulsive

-1 , A
8 cm occurring at an average rate of once

displacements v 10
‘per second. An event dueto the passage of a 104 Bev muon
results in a displacement of 10—l7 cm at a rate of once per
year.

Although the shape of the antenna mass can be designed
to somewhat reduce the effect and frequency of muon inter-
actions, especially by takingadvantage of the anisotropy of
the muon flux, the best way of reducing the noise is to
place the antenna masses underground. The pulse rate at
depths of 20 meters, 200 meters, and 2 km is approximately

”t3 X 10 %, 10_41 10 9 pulses/sec.

If the antenna output is mcasured over times that
include many muon pulses, as would be the case in a search
for pulsar radiation, the noisc can be treated as a stationary

distribution. Assuming that the muon events are random and for

-22-
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ease of calculation that themagnitude of the momentum impacts
'\s the same for all muons, the spectral power density of

jisplacement squaredof the antenna mass is

_ 4N(AE/c)?

(2m) *m2e?

xz(f) cm2/Hz

for £ >> fo.

N is the average number of pulses per second, AE/c the
momentum imparted to the mass per pulse, and m the antenna

mass. For the sample suspension parameters at sea level

x2(6) v 1074064 cn2 g

8) Gravitational Gradient Noise

The antenna is sensitive to gravitational field
gradients -- differential gravitational forces exerted on the
masses of defining the ends of the interferometer arms. No
data are available concerning the naturally occurring high
frequency gravitational gradients on or near the surface
of the earth. There are two effects which can make gravitational
gradient noise; first, time dependent density variations in
both the atmosphereand the ground and second, motions of exist-
ing inhomogeneities in the mass distribution around the antenna.

An estimate for the two effects can be made with a crude
model. Assume thatone of theantenna masses is at the boundary
of a volume that has a fluctuatlng den51ty.r The amount of mass.

that can partake in a coherent density fluctuatlon at a frequency

f and exert a force onthe mass is roughly that included in a
'Sphere with a radius equal to half the acoustic wavelength, 2,
in the ground. The fluctuating gravitational force on the mass
is:

I' (f)
. Y % mAAp (£)G

m
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where Ap(f) is the density fluctuation at frequency f and G
. the Newtonian gravitational constant. The density fluctuations

driven by ground noisein the sphere are

x (6)

' _ £
po(f) = 3<p> 3

where <p> is the average density of the ground and X, (£)

the ground noise dlsplacement If £ is larger than the

resonant frequency of thesuspension, the ratio of the suspension,
the ratio of the displacement squared of the mass to that

of the ground motion is given by !

(£) 26
X (f) 2Wf

For the earth, this isolation factor is

BN

D N

(£) 10—14

v
(£) £

(DNSN

which is much smaller than the isolation factor for the
attenuation of direct ground motion by the sample suspension.

A comparable approach can be used in estimating the
effect of motions of inhomogeneities in the matter distribution
around the antennawhich are driven by ground noise. Assuming

the extreme case of a complete 1nhomogene1ty, for example,

“fanTatmosphere ground interface, the mass that partakes in a
coherent motion x(f) could be m ~ A3<p>. The fluctuatlng force

on the nearest antcnna becomes

F (f) 2
R =NG<p>x(f)

m 3
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_ The isolation factor is

which is comparable totheisolation factor due to density
fluctuations. These factors become smaller if the distance
,between the masses is smaller than ).

9) Electric and Magnetic Field Noise

Electric fields in dielectric-free conducting vacuum
chambers are typicatllylom3 volts/cm. These fields are due
to variations in the work function of surfaces and dccur
even when all the surfacés in a system are constructed of the
same material, since the work functioh of one crystal face 1is
different than that ofanother, Temporal fluctuations in these
fields are caused by impurity migrations and variations in
absorbed gas layers. Little is known about the correlation
time of these fluctuations except that at room temperature
it seems to be longer than a few seconds and at éryogenic
temperatures it is possible to keep the fields constant to bet~
ter than 10_2 volts/cm for several hours.(24y

The electric force on a suspended antenna mass is

_Where A is the exposed antenna surface and.e. . the fluctuating. ...

electric field at the surface. Assuming that the power spectrum

of the field fluctuations is similar to that of the flicker
effect in vacuum tubes orthe surface effects in semiconductors,

which are both due to large scale but slow changes in the
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surface properties of materials, the electric force power

., spectrum might be represgnted by

2
FZ(f) N TEF> T,
(l/To)2 + (27f) 2

T_ is the correlation time of the fluctuations and <F§> is the

o
average electric force squared.

If the gravitationalwave frequency is much larger than
l/TO and also higher thanthe resonant frequency of the suspen-
sion, the power spectrum of the displacements squared becomes

4 .2 ,
Xz(f) = _S€ A cmz/Hz

320%m2r £4
’ O

2 5

For m ~ 104 gm, A v 10%, € ~ 107° stat volts/cm

and TO v 1l osec,

38 ,.4

x2(£) » 1073884 em?/nz

Although this noiseisa good deal less than that due to
the Poisson noise of the laser, somé_care has to be taken to
electrostatically shield the mirror surfaces, which are
dielectrics. |

Geomagnetic storms due to ionospheric currents driven
by the solar wind and cosmic rays create fluctuating magnetic

fields at the earth's surface. The smoothed power spectrum

TofTthEe magnetic fieldfluctuations in mid-Tatitude regions ~ T

at frequencies greater than 10—3 Hz is approXimately

B2 (F) o Bg/fz gauss?/Hz
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 “?With B vo3ox lO_8 gauss.(25) Large pulses with amplitudes
L5;% 5 x 10 3gauss are observed occa51onally, the rlse tlme of
."these pulses is of the order of mlnutes.(26) ‘

Fluctuating magnetic fields interact with the antenna
mass primarily througheddy currents induced in it or, if it is
constructed of insulating material, in the conducting coating
around it required to prevent charge buildup. The inter-
action, especially at low frequencies, can also take place
through ferromagnetic impurities in nonmagnetic materials.
Magnetic field gradients cause center of mass motions of the
suspended mass. Internal motions are excited by magnetic
pressures if the skin depth is smaller than thevdimehsions of
the antenna mass.

An extreme model would be to assume that the fluctuating
magnetic fields are completely excluded by the antenna mass
and that the field changes over the dimensions of the mass

are equal to the fields. Themagnetic forces are

The power spectrum for center of mass motions, if £ >>

fo, beeomes
, . a’m 2
x (f) = cm“/Hz

len

L»O»b

2 4

“Tfor “thd samplc suspension using the smoothed power spectrum:

of magnctic ficld fluctuations,

x2(F) v 10730/ om?/uz

The displacements due tointernal motions driven by

magnetic pressuresat frequencies smaller than the internal




Although

resonant frequency, fo_ , are given by

int
A’n] 2
(£) S oo om® /Hz
167°m2e2 g2
O,
int

the disturbances due to the smoothed power

spectrum do not appeartroublesome relative to the other noise
sources, the occasional large magnetlc pulses will require
that both conducting and hlgh U magnetic shields be placed

around the antenna masses.

*¥* It is not

be caused by

inconceivable that Weber's coincident events may

pulses 1ngoomagnetlc storms, 1f his conductlng
1 o -2

shlcldlng is
gauss with a
AL/e v 10716,

pulses of this

project in ph

1nadcquatc. It would require a pulse of 10
risc time v 10 -3 scconds to distort his bars by
M. Gordon has mcasurcd naturally occurring
length and amplitude as part of senior thesis

ysics at M.I.T.
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The Detection of Gravitational Radiation By a Broad-Band
*agInterferometrlc Antenna

» The fundamental limit for the detection of grav1tatlonal

" radiation by an intraferometric antenna is determined by ‘the
Poisson amplitude noise of the laser and photodetection process.
It appears that this limit can be reached in the prototype
anteﬂna at frequehcies greater than 150 Hz. The minimum
detectable gravitational radiation spectral intensity is

4 2 -
hc A f 2 watts
I (f) = { ][ ] = Af (1)
gmin TG nPQ Jsz)2 (b~1) (1-R) cm2Hz

where

h is Planck's éonstant

c velocity of light

()]

Newtonian gravitatidnal constant
wavelength of the laser
quantum efficiency of the photo detector

output power of the laser

(o]

frequency of the gravitational wave
length of the interferometer arms

-the number of beams per arm

WO = mh ﬁ o

reflectivity of the cavity mirrors

The prototype 9 meter antenna has the limit

R S S

I (f£) = 3.2 x 10 f2 watts/cm2 Hz

gmin

for frequencies less than 200 KHz. The high frequency limit

'is determined by the cavity storage time which is 9 usec.
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The length or cavity storage tlme for the optimum antenna
‘*satlsfles the condition

b
E——-T/Z

where T is the period of the gravitational wave. The minimum
detectable spectral intensity for the optimum antenna is

2
g_. TG
min

A 4 4
n—P}—-f,—Bf
(@]

For comparison, using the same laser power and photo detection
efficiency as is the prototype, the minimum detectable spectral
intensity would be ”

-16 .4 2

I (£) = 2.3 x 10 f watts/cm“Hz

gmin

The detection limits for periodic, broad-band and impulsive

Sources are described separately.

I. Periodic Sources

Periodic sources of well known frequency such as pulsars
and binary systems would be synchronously detected and a narrow
bandwidth would be achieved by post mixer digital integration.

The gravitational radiation spectrum intensity from a periodic

,M:ggnrgeﬂisua%narrow¢iine»whiéh@wandersﬁin>frequency*dué‘ﬁb”the”””m“”””"

Doppler effect from the varying relative motion of the Earth and
source. This frequency spread can be accomodated by adjusting
the frequency of the local oscillator. The minimum detectable
intensity is

I (f£)

Imin ©

Imin 2t
int
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\Kwhere t. nt is the post-mixer integration time. _

Eo As an example, the upper limit of the 60.4 Hgz grav1tatlonal

vefradlatlon from the Crab Pulsar NPO532- -incident -at the Earth =
is estimated at 10 -13 watts/cm2 (Appendix 1). Using the 9

‘meter prototype antenna, an integration time of 3700 years

would be hecessary to detect this radiation with a signal-to-
noise ratio of 2, : A multi- -pass interferometric antenna with

the same parameters as the protytype antenna, but 1 km long

would require 3.6 months to detect the NP0532 upper limit.

A space antenna of the optimal length, 2500 km, w1th single

pass arms would require 8.5 hours of integration. The search

for gravitational radiation could be extended to lower frequenc1es

to include slower pulsars and binary star systems.

II. Broad-band sources ‘

A éearch for broad-band gravitational radiation from
discrete astronomical sources is carried out with the inter-
ferometric¢ antenna used as a gravitational radiation radiometer -
and using the Earth's rotation as a modulator. If there is a
discrete source of broad-band gravitational radiation, the
detected signal will be a maximum each time one of the inter-
ferometer arms is perpendicular to the line joining the Earth
and the source. A detection scheme for this process is shown
in Figure 3. The antenna output. is square~law detected and then
Cross-correlated with an oscillator which has a period of 1/4
.Of a Sideﬁ@ileay.,In”orderﬂt0+detect~radiationvfrom=sourceS“

lying in any quadrant of the sky, the antenna output is also

cross-correlated with a 90° phaee—shifted output of the oscillator.

The minimum detectable signal is calculated by using the

-31~
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effective noise bandwidth of the signal processing given by

Af = Afant 1/2 ‘ .

int

. where Afant is the bandwidth of the antenna and post-detection
filtering, and tl c is the observing time. The gravitational
radiation signal appears as a component w1th a perlod of 1/4
of the sidereal day. ‘

The minimum detectable signal depends on the nature of
‘the source spéctrum' If the source has a flat sgpectrum over
the bandwidth of the antenna, the minimum detectable spectral
intensity is

fhfl

min (Afant)

1

I (£) = A (3.

g 1/2

)1/2 watts/cmsz
int

: where fl and fh are the low and high frequency cut-offs of the
antenna and A is defined in equation 1 of this section.

As an example, if one extends a search from 100 Hz to
1l KHz using the 9 meter pfototype antenna, the minimum detect-
able intensity (S/N = 2/1) after 1 month of integration is
1 x 107 watts/cmiz. :

If_the source really had a flat spectrum, it would be best
to use as low a frequency and as narrow a bandwidth as possible
‘within the constraints that the antenna be Poisson noise limited.

If the source spectrum is a power law such as a thermal

w.Spectrum... . e e S S i

I(f) = of?,

! . . .
the minimum detectable a, which can be related to an antenna
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SSHENYEimesT and that the “time dependent Riemann ténsor has zero T

brightness temperature, is

ae, 12
A [‘Alnt] :
T,

ant

AT

(ztintAfant)

o=

min i/Z

In terms of an antenna brightness temperature

o c2
7 © - _min-
antmin 2k
Using the maximum bandwidth in the present prototype antenna
design of 200 KHz, and an ihtegration-time?of 1 month,
-12

6. .. v 3 x 10

2.3
min _wagts/cm Hz

Although this may appear to be a small number, it cor-
responds to an appalllngly high temperature of T ant 4y lO32 °k.
A truly thermal process will most likely not be detected with

this antenna.

III. Impulsive Sources
The detection of impulsive events is difficult to analyze
in detail because the sensitivity of the antenna depends somewhat

on the shape of the pulse and the signal processing. We consider

a pulse which lasts for a time t and has a maximum strain
amplitude Af/f%. It is assumed that the pulse does not oscillate ‘

mean. As;de from numerical factors of'ordervunlty whlch depend
on the detailed shape of the pulse, the gravitational radiation
energy surface density (Joules/cmz) that passes through the antenna

is approximately
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3 lAR/z)z

E/p V8w %

. The crlterlon for detectablllty 1s that pulse 1nduced
,straln in the antenna exceed the noise 1nduced strain. The
optimal post-detection filter has a time constant short enough
to fully develop the pulse but long enough to integrate the
P01sspn n01se. The optimal filter, a matched filter, has a
time eonstant approximately equal to the length of the pulse.
For a'matched filter, the minimum detectable strain is given

by

1
2 2 -(b-1) (1I-R) t

[A& (t))2 - hci
% m°np bzl e
o

and the minimum detectable pulse surface energy density is

2l - i BF 2

For the prototype antenna this is

-8 '
[E/A) .= 4 x 10 Joules/cm2
min t2

Comparison-of-the prototype-interferometric-
antenna with existing acoustlcally coupled bar
antennas

The table below summarizes the published performance of
several acoustic bar gravitational antennas. The first column
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:glves the mass of the antenna, the second the length the thlrd

;fthe resonant frequency, the fourth is the post-detection
| -;’;_'b@n,dmd,th,, the fifth gives the mechanical Q of the bar, the =

' sixth column gives the pulse detection limits in terms of the
minimum energy observable relative to the thermal noise in the
bar. These limits are expressed as minimum detectable strain
amplltudes in the seventh column. The elghth column glves the
minimum detectable energy surface density which is for pulses
that last approximately the period of the bar. The last column
gives the minimum observable spectral imtensity 1if square-law
detected and integrated for one second. The last two rows
give two examples using the prototype interferometric antenna.
The first example shows the estimated performance if the
antenna has post-detection filtering to match Tyson's antenna.
The second example is an estimate of the performance of the
prototype antenna as a broad-band instrument at the lowest

frequencies where Poisson noise is still expected to dominate.
The minimum observable spectral intensity of broad-band

gravitational radiation that can be detected in an acoustically
coupled detectors has not been discussed in the literature. 1In
the calculations used to generate the last column of the table,
it is assumed that the signal processing is dene as in figure

3; however, at a modulation rate rate of 1/2 the sidereal period

and it is also assumed that the dominant noise in the system is

the thermal noise in the acoustically coupled structure. For

these conditions, the minimum detectable gravitational spectral

1uLensityﬂfn*the*vfcinitY»of:theéstrueture5afesonance,frequency,

is given by :

1

CBKT

I(w. ) > '
. o} ﬂGmg/zleQl/z 1/2

int
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Table 1
mass Hmbmﬁs,,ombﬁmH freqg.| Bandwidth Q WHHHBHﬁ meg HM\w 2 H@AmOV 5

Experiment K9 ‘cm kHz = Hz min ,mocwmm\ns. watts/cm " Hz

weber r273:4 11300 | 153 1.6 2 7.7x10% |5 | 1x10716 25 .5

Tyson’ 3630 | 357 0.71 2 2.2x10° |3+ {3.5x107% 1.4 .07

Levinad

evine s |1 -16 .

Garwin 118 | 150 1.695 21 1.3x10% |35 [3.3x10 300 13

Drever® 300 | 155 1.1 800 2.2x10° |5 |1.4x10716 35 22

Interferometric _18

antenna Ex. 1 30 900 .71 1000 - - 5x10 .04 .02

Interferometric -18 -4 _ 3

antenna Ex. 2 30 900 .2 100 - - |1.6x10 ~° 4x10 8.5x10 ~




FIGURES

Figure'l
Schematic drawing of the antenna being constructed
at M.I.T. ’ ‘

Figure 2.

Amplitude noise in a Spectra Physics Model 165 Argon Ion
Laser operating in a single longitudinal mode.

Figure 3.

Detection scheme for localized broad-band sources.
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-4~
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Appendix I

B Astrophysical Sources of Gravitational Radiation.

The astrophysical sources of graVitational‘radiation
discussed here'arecnllisiOns,‘pulsars, neutron Stars, and -
binary stars. | Exotic phenomenasuch as lO8 Mo black holes in
the Galactic center will not be con31dered Collisions between
collapsed objects, or matterfalling into coliapsed objedte
could produce considerable amounts of grav1tatlonal radlatlon~
however, it appears that direct collision 1s a rare occurrence.
Supernovae, and the formation of neutron sﬂars could also be
strong sources of gravitational radiation but the expected
mean time between events of 5 to 50 years does not make these
sources very attractive.. Thetwo remaining sources of'gravita—
tional radiation, pulsars and binary stars, are believed to be
continuous emitters and are probably the best candidates
for future studies of gravitational rediation. Both of
these sources will be difficult to observe. Pulsars emit in
a favorable frequency range of 1 to 60 Hz but the strain
induced at the detector is very small. Binary stars produce
substantial strains at the antenna but at frequencies less
than 4 x 10_4 Hz. There are undoubtedly other sources of
gravitational radiationalnot listed in Table 2; however, it
is hoped that the sources and formulas listed are representative

enough to give some idea of the events which could be detected

»reenrbybgrav1tatlonal ‘wave- antennas to-be- bullt “in-the-near futures =

To get some idea of the collision rate for collapsed
objeccts, some esleate must be madeof the number of these
objects in the Galaxy. Peebles (1) notes that between ten and

twenty percent of. the mass in the Galaxy resides in stars of




mass greater than 2 M¢. A 2 Me exhausts its fuel in about

10

2 x lO9 years and since the Galaxy is about 10 years old

perhaps ten or twentypercent of the mass of the Galaxy is
centalned in collapsed objects. The mass of the Galaxy is

- about 2 x lOll MCy and if ten percent of this mass goes into .
2 MC)collapsed objects, then we can estimate that there are
‘roughly lOlO collapseddojects in the Galaxy. Ostriker,
Rees, and Silk (2) hote that 10° neutron stars moving
through the interstellar plasma coﬁld produce an X-ray
flux comparable to the X—rayvluminosity of the Galaxy. For
the following, it willbe assumed that ten percent of the
stars in any region of the Galaxy are COllapsed

| The total collision rate of type 1 objects onto type 2

Oobjects in a volume V, can be estimated us1ng

N.N
_ 12
R = v <vre1>012
for the rate and'
v 2G (M, +M,)
012.= Tr(Rl+R2)2 1 + 1 2 5
: (R1+R2)<Vrel>

for the direct collisionicross—seetion. Ny and N, are the )
number of type 1 andtype 2 objects, V is the volume of the inter-
action region, <Vrel> is the average relative speed at large
seperation, R isthe radius and M themass of the objects, and

G is the gravitationalconstant. Table 1 shows the mean time

~~~between collisions for various objects in the globular cluster

M392 and in the Galacticcenter. For M92 the central density is
about 6000 stars‘pe—3, there are about 105,stars and <Vrel>
=5 kmsecnl. For the Galaxy the central density is about

106 stars pc~3, thcrc areabout 5 x 108>stars and <Vrel>




~= 200 kmsec-l. For the stars,

we assume M = IM® , R = 1R®

-and for the collapsed objects M = 1.5M¢ and R = 10km.

Table 1l: Mean time between collisions

M92 Galactic center-
Stars on stars 3.4 x‘106y 160y '
Collapsed stars 5.4 x 107y 2500y
on stars '
: | 13 | . .8
Collapsed stars on 1.6 x 1077y -~ 7.4 x 10"y

collapsed stars

The foregoing analYéis only considered collisions between

free objects; however, it should be pointed out that the collision

rate could be considerably larger if the collapse of multiple

star systems is considered.
could evolve to a neutron star
and then spiral together. One
many old binary systems in the
members and that these systems

The stars in a blnary system

and a black hole, for instance,
can speculate that there are
Galaxy consisting of collapsed
are only now spiralling together

in considerable numbers. With no evidence to support this
Speculation, we will use the rates presented in Table 1.
We can make some estimate of the mean time between large

bursts of gravitational radiation from stellar collalar. mlnr

nogt” optlmlstlc pOblthn is to assume that evcrj star of mass
greater than 1.5M@evolves into a neutron star or a black hole’
and emits a large amount of grav1tatlonal radiation in the final

collapse. The rate at which stars reach the endeLnt in their




evolution is.estimated to be about‘once every five years
in the Galaxy -(3). Pulsars provide a lower limit to the rate
H»wagravitational“bqrsts,_ If neutron,starS»arewformed~rapidly'
nrih'a‘stellarTcollapse, they will probably emit considerable
amounts of gravitational radiation. Since pulsarsbare

generally agreed to berotating neutron stars, wé'can say that

the neutron star formation rate is at least as large as the
pulsar formation rate which is about once every 30 years (4);
It is clear that some supernovae produée neutron stars, for
example NP0532; however, some models of supernovae leave

- ho star remnants behind. Ifwe assume though, that all

- Supernovae produce a burst of gravitational radiatidn, then
another limit can be set on themean time bétween bursts. in
the Galaxy. Variousestimates of the supernova rate:based

on observations of other galaxies (5), calculations of stellar
evolution (6), and radio measﬁrements at 1GHz (7) all yield

4 supernova rate of one every 17 to 50 years. An estimate

of the mean time between large bursts of gravitational
radiation in the Galaxy is between 5 and 50 years.
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APPENDIX 2




Appendix 2 Spherical Mirror Delay Lines

The optical delay line to be discussed consists of twé _
concave spherical mirrors having the same radius of Curvature(l).
One-of the mirrors has a small hole in. it through which the. . .
beam enters and exists (Fig. 1). Other possible configurations
use a small mirror or light pipe to deflect the beam into

and out of the cavity. Slightly astigmatic mirrors have also
been used to utilize more of the mirror surface and increase
the total delay(z); '
is to present some of the properties of spherical-mirror
optical delay lines including the stability of the cavity
and the change in delay time for small rotations and

The purpose of this appendix

translations of one of the mirrors.

In Fig. 2, two spherical mirrors have been placed in a
delay line cohfiguration with mirror B slightly rotated.
There is a unique line Caliéd thé optical axis of the delay
-line which passes thrbugh‘the mirrors at'points labelled
P. and P_. The optical axis is defined‘by the condition

A B :
that the line which runs through EA and PB be parallel to the
mirror normal at PA and PB. The optical properties of the
cavity are invariant for rotations about the optical axis.

In the paraxial ray limit (sin 0 = ©,cos 0 = 1) it is

possible to deriye an expression for the points on the
mirrors where the beams are reflected. " In the coordinate 1

system defined by the optical axis

X, = Asin (n¢+a)
where o
_ /
tan a = 2R _ 1+ RXo
L
X
o
cos ¢ = 1 - L/R



2 _ 2R 2 ’ 72}
AT = 3R [Xo LXK F %E %o ]

"L is the cavity length, R is the radius of curvature of the
mirrors, XO is the éntry point of the initial ray , and

X; is the x-component of the angle_that the ray makes

to the optical axis. A similar expression holds for Yn'
Even n gives the position on mirror A and odd n gives the

position on mirror B. If L and R are chosen such that

2r¢ = 2mm where m is an integer and

l<m<r -1 and sm/r is not an integer for 1 < s < r-1,

then there will be r reflections on each mirror (counting

the hole as a reflection) and the beam will exit through the

hole in mirror A as if reflected from the back of that

mirror. This is called the reentrant condition.

If mirror B is moved and the cavity length changes, the

output beam will shift with respect to the hole in mirror
A. We will assume that the motion of mirror B is small
enough so that the beam still exits through the hole in
mirror A. A rough estimate of the alleed motion of mirror
B will be made in the next paragraph. Since the number

of beams in the cavity is assumed constant, the change

in delay time can be calculated. To a good approximation,
the total beam length is just the number of beams in the

cavity times the distance between points PA and PB in Fig.

(X,Y,2), and the rotation (OX,OY ‘about PB' "Denoting the .
delay time by t, the number of beams by N and the speed

of light by ¢ the following formulas result

3 N x 9t _ N y 0t _N
0X . ¢ 2R-L’' 3y =~ ¢ 2R-L’' 3z ¢

2,

—..and_can_be calculated in terms gf,L,"RL;thg_tnan§LhtiQn:,;,;,,,;xiwwﬂu




3t _ N R(RL) 6 3t _ N R(R-L) 6
3%, ~C (2R-L) X' 6, ¢ (2R-L) Y

These formulas are in excellent agreement with computer,
calculations using the geometrical bptics approximation to the
delay line. | ' . : .

In order to estimate the allowed motlon of mirror»Bbwe will
assume that the reentrant condition has been satisfied and
that the initial ray has been chosen so that there is a circular
pattern of reflection points on each mirror. In this case
¢ is the angle between consecutive reflectlons (Flg. 3). The
configuration is stable for small motions of mirror B if the
beam continues to exit through the hole in mirror A and the

number of reflections remains constant. Using the relation
.cos ¢ = 1-L/R, the change in ¢ per rgfiection is
§¢ ;tdL/(Rsin¢)
Stability requirés that

N|&¢l|a; < 4,

where N is the number of beams, d1 is the radius of the pattern

and d. the radius of the hole. Substituting

2
4 2 Risin ¢ »
sul < g~ N
1
'or the cavity we pian to use R = 900cm cos ¢ =~ 0, N = 302,
d, = .075cm d, = 38lcm so

2 1




|sL|] < .06cm

If this |8L| were caused by a translation transverse to the
optical axis, then the translation would be of the order of
”l/2cm. ‘For a rotation the angle would be about l/2° We
have built and tested a delay line and find that the reentrant
bcondltlon remalns satisfied for all movements of mirror B

-~ which keep the beam within the cavity. The output beam is not

observed to move.
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Figures

Figure 1

Spherical mirrors in delay line configuration.

Figure 2

Spherical mirrors in delay line configuration with mirror
B slightly rotated, ' :

Figure 3

¢ is the angle between consecutive reflections.
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