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“All the News
That's Fit to Print”

Clinton Paints
Sanders Plans
As Unrealistic

New Lines of Attack at
Milwaukee Debate

By AMY CHOZICK
and PATRICK HEALY

MILWAUKEE — Hillary Clin-
ton, scrambling to‘recover from
her -double-digit -defeat  in ‘the
New Hampshire primary, repeat-
edly challenged the trillion-dollar
policy plans of Bernie Sanders at
their presidential :debate - on
Thursday night and. portrayed
him as a big talker who needed to
“level” with voters:about the dif-
ﬁcul!y of accomplishing his agen-

Fomgn affairs also toqk onun-
usual prominenicé a8 Mrs. Clinton
sought to underscore hier experi-
ence and Mr: Sanders excoriated
her judgment 6n:Libya and Iraq,
as well as her previous praise of
former Secretary-of State Henry |
A. Kissingeri: But/{Mrs.: Clinton
was frequently-on the ‘offensive |
as well; seizing an opportuniry to
talk about leadérs:sh
and tutning it against Mr. Sand-“
ers by bashing his'past criticism |
of President Obama,— a‘remark |
that Sande rscalleda"hwl

£

A worker Installed a baf&é in 2010 to control light in the Laser lntcrfurometer Gre

Lang in Cl.mlons C orner. Blacks_Notlce Sandel:s

BLACK HOLES SOUNKN COQL
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honaf Wave Observatory in Hanford, Wash.

Last Occupier

TUBE GOT THE FRONT PAGE.

ON BEHALF OF THE OTHER 4003 AUTHORS

THANK

You.

| the nature. of

New England Edition
Today, sunshine mixing with some
clouds, cold, high 26. Tonight,
cloudy, a flurry or heavier squall
late, low 17. Tomorrow, windy, frig-
id, high 18. Weather map, Page Al8.
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WITH FAINT CHIRP
SCIENTISTS PROVE
EINSTEIN CORRECT

A RIPPLE IN SPACE-TIME

An Echo of Black Holes
Colliding a Billion
Light-Years Away

By DENNIS OVERBYE

A team of scientists announced
on Thursday that they had heard
and recorded the sound of two
black holes colliding a billion
light-years away, a fleeting chirp
that fulfilled the last prediction of
Einstein’s general theory of rela-
tivity.

at faint rising tone, phy:
icists say, is the first direct evi-
dence of gravitational waves, the
ripples in the fabric of space-time
that Einstein predicted a century
ago. It completes his vision of a
universe in' which space and time
are interwoven and dynamic,
able to stretch, shrink and jiggle.
And it is a ringing confirmation of
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laser scattering from residual gas




the “Blue Book” (1983)

A STUDY OF A LONG BASELINE

GRAVITATIONAL WAVE ANTENNA SYSTEM

Equations 13 and 15 are the results of this section. Instead of,

Prepared for the National Science Foundation
under NSF Grant PHY-8109581

to the Massachusetts Institute of Technology as in other sections of this report, evaluating the requirements of

Preparad By: the system to meet a specified h(f), it is more useful here to look at

Paul Linsay .

Peter Saulson

fainer Weiss the break points in vacuum technology. Broadly speaking low vacuum

with Contributions By:

Stan Whitcomb calTech

Industrial Consultants:

Arthur D. Little Corporation Cambridge, Massachusetts
Stone & Webster Engineering Corporation Boston, Massachusetts

As indicated in the Arthur D. Little study, we have chosen to price a

OCTOBER 1983

vacuum system which is able to maintain 10'6m Hg in the light paths but

which can be improved at some additional expense for operation at
lower pressures if the need arises in a second generation development

of the antenna system,




the LIGO proposal (1989)

Proposal to the National Science Foundation

THE CONSTRUCTION, OPERATION, AND
SUPPORTING RESEARCH AND DEVELOPMENT
OF A

LASER INTERFEROMETER
GRAVITATIONAL-WAVE
OBSERVATORY

Submitted by the
CALIFORNIA INSTITUTE OF TECHNOLOGY
Copyright © 1989

Rochus E. Vogt
Principal Investigator and Project Director
Callifornia Institute of Technology

Ronald W. P. Drever ' Kip S. Thorne
Co-Investigator Co-Investigator
California Institute of Technology California Institute of Technology

Frederick J. Raab Rainer Weiss
Co-Investigator Co-Investigator
California Institute of Technology Massachusetts Institute of Technology

TABLE II-2
AVERAGE BEAM-TUBE PARTIAL PRESSURES!
INITIAL REQUIREMENTS AND GOALS

GAS INITIAL
SPECIES REQUIREMENT

(torr @ 300 K)

1x10-°
1 x 10-1°
6 x 10-11
5x 10~
2x 10~

1Maximum pressure in chambers = 1 x 10~8 torr.
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hydrogen
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An alternative is to reduce the hydrogen content of the stainless-steel stock prior
to fabrication of the vacuum hardware. Vacuum-processing of the molten stainless
steel (“vacuum melting”) is effective, but would triple the cost of the stock material
and could result in major procurement delays because of the limited facilities for
such processing. Another approach is to subject coiled stainless-steel sheet to two
special annealing steps in which the material is heated in a hydrogen-free purge gas

for 24 hr. This annealed product is only nominally more expensive than standard.

stainless steel and is readily produced in large quantities.

/Standard Stainless Steel

Chambers
+  #
x #2
o #3
° #4
102 103
TIME UNDER VACUUM,

H, Flux (A.U.)

Q
TQ 2.5ppm weight
0SS 0.68ppm after 440C for 36h

0SS+PUL 0.50ppm OSS+electropplist

0.00e+0
o

C. Bradaschia INFN, Pisa
A.Marraud  CNRS, Orsay

Sample Temperature (°C)



\ 4 /1/ & ‘ih
First industrial production of spiral-welded, air-fired low-hydrogen stainless steel beamtubes
(recycled/reused in the Mk Il 40-meter interferometer at Caltech, ca. 1994)

Larry Jones

10



leak detection & localization™

Air Signature Residual Gas Analysis A : ‘ A
Weiss, LIGO-T970111 ’ piske i

Postbake measurements of module X1 at Hanford

MOLECULAR CRACKING FRACTIONS
o CALIBRATION GASES March 11-12, 1999

‘Table 1: Resaults from gas model solution of 16.9 hour postbake accumulation ending March pressure
12,1 AM .
VARIABLE FIXED

pump on 1 pump on

X(leak)

pressure

CHOOSE

MODEL AMU = s GAS OUTPUT MODEL ESTIMATE

pump off ¥ pump on
X(leak)

pressure

RGA SPECTRUM

2
(AMU (DATA) - AMU (MODEL)) DATA — _—

x(leak)

. distance along the beam tube ———»
cmperstrsbake a 165C for  sbortr




water vapor

T=296K,t=0 all sites occupied

.
10
Site activation te

“Dubinin-Radeschevich Isotherm” desorption model (Weiss, T970111)

tgassing Rate {Torr-L-cm2s™)
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Fig. 45 Outgassing measurements for different H,O exposures during venting of a 304
stainless steel chamber of inner surface area 0.4747 m’. o Ambient air exposed, 7.8 ml
absorbed; & 600 ml exposed, 16.8 ml absorbed; + 400 ml exposed, 9.2 ml absorbed:

Reprinted with permission from . Vac. Sci. Technol
Li and H. F. Dylla. Copyright 1993, AVS-The Science and Technology

H20 PARTIAL PRESSURE DURING BAKEOUT
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LIGO beamtube bakeout

2 layers fiberglass applied by hand
~2,000A DC
160°C for 3 weeks

4—— 507m
37.5 mi2

(K



scattered light

FILE: ROUGHSURF.TEX

MEMO: Optical Properties of the LIGO Beam Tubes
TO: Althouse

FROM: RW (January 17, 1989)

Geometry

RAFFLE RESEARCH

MEASUREMENT oF RBRam TORR PBAK ScATTRR WG

BAck scart -2
ScATIRR AT B*(m< 10

LARGRR THAN N BRe Mo ARL

List of 5/01/89

Processes that may cause noise from scattered light in the instrumentation
chambers and associated vacuum pipes.

Noise Due to Backscatter Off Baffles, the Nearby Wall,
and Objects at the Far end of the Beam Tube; and Recommended Actions
(LIGO Technical Report LIGO-T940063-00-R)

. Thorne

Theoretical Astrophy C chnology, Pasadena, CA 911
(2 August 1994)



LIGO beamtube fab & field assembly

(by Chicago Bridge and Iron )
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Burst test chamber

LiGo (Weiss)

« Pressure vessel with “inverted” 10” ConFlat sample holder

« Hand pump pressurizes Mobil DTE24 oil to > 20 atm

» Pressure transducer, digitizer & computer data recorder

viewport implosion anal

L

ysis (2008)
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lonizer for test mass discharge (2010)

pressure TEST MASS CHAMBER

gauge

aperture

v Surface charge control of the Advanced LIGO mirrors using

‘ - externally introduced ions.
% ‘ R. Weiss November 30, 2010, June 14, 2011
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Figure 1 Schematic diagram of the ion generator
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the future: Cosmic Explorer and Einstein Telescope

LIGO-P1900072-v1 Workshop Proceedings 1 March 2019 PRELIMINARY STUDY OF A NESTED

NSF Workshop on Large Ultrahigh-Vacuum Systems for VACUUM SYSTEM FOR COSMIC
Frontier Scientific Research Instrumentation EXPLORER
LIGO Livingston Observatory
January 29-31,2019 R Weiss, MIT
NSF Vacuum Workshop
LIGO Livingston Louisiana Site
January 29, 2019

H.F. Dylla, R. Weiss and M. E. Zucker, eds.

NESTED BEAMTUBE SCHEMATIC

inner system
thin wall aluminum sheet
roll bonded tubing 118 cm OD

thermal relief V
A

I d

thermal relief V

steel W with serrated baffle

stiffener
ZAONEG

cartridge

Outer system
Extruded sreel tubing
120cm OD

aluminum sheet.
radiation shields
119cm OD
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