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SCIENTIFIC OBJECTIVES:

One of the requirements of Einstein's theory of General Relativity is the -
"equivalence of gravitational and inertial mass which can also bé expressed as the
universality of free fall for all different forms of matter and enexgy. The equival-
- ence principle can be writtenl) as
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M/MI 1+ nsM[ emMI nWM.I .-....

where Mg, is the passive gravitational mass and Mj is the inertial mass and where
the: terms in the bracket represent violations due to the strong, electromagnetic,
-and weak interactions. The size of the sum of the violations in the bracket is mea-~
sured in the EGtvos experiment by measuring the equality of the gravitational accel-
eration of different materials. In the most recent versions of this experiment, '
limits have been set at the level of 10-11 for any difference in the gravitational

- acceleration of aluminum vs. gold2) and at the level of 10-12 for any difference

between aluminum and platinum.3) Because of the substantial differences in these
elements -- the difference in their neutron/proton ratios, the differences in the
relativistic masses of their electrons, and the differences in their nuclear and
electromagnetic binding energies -- these experiments set very stringent limits on
any violation of the equlvalence prmclple by the strong and electromagnetlc inter-
. actions, i.e. on 7 and‘n -

The correspondmg 11m1tat10n on any possible violation due to the weak inter-
action (nw) is not nearly as severe. Haugan and Willl) have recently pointed out
that (Egw/Mp Ay - (EW/MI)Pt( y ~ 2 % 10-10 and conclude from this that ny < 102
on the besis of the Ettvos resuﬂs Attempts to refine this limit significantly
through an improvement of the current Eotvos results by a factor of 1()2 to 103 do
not seem feasible at this time. : :

In view of the fundamental significance of any possible interrelationship
between the weak and gravitational interactions, we are looking for other, more
direct or more sensitive ways to test for any violation of the equivalence principle
by the weak interaction. The following proposal is directed at developing a direct
experimental search for such a violation by measuring variations in the rate of the
beta decay of 212B1 in a changing gravitational potential.

M.P. Haugan and C.M. Will, Phys. Rev. Letters 37 (1976) 1.
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= 2. P.G. Roll, R, Krotkov and R. H. Dicke, Ann. Phys. (N.Y.) 26 (1964) 442;

R. H. Dicke, The Theoretical Significance of Experimental Relativity, Gordon
and Breach (1964).
3. V.B. Braginsky and V.I. Panov, JETP 34 (1972) 463.




APPROACH:

The experiment described in this proposal is 'being developed to make a
direct test for any violation of the Equivalence Principle by the weak interaction.
This experiment wonid fest for violations of the Equivalence Principle by t_‘esﬁng’
for any variaﬁon of 1}he weak-interaction coupling constant with gi'avitational .
| ~ potential, 'i.e... a spe,tial variation of the fundamental constanis as discussed by
Misner, Thorne and Wheeler. Jf) o |
| The split personality of the decay of 212Bi (Figure 1) provides an ideél o
.sﬂ;uatlon for testing the invariance of the weak interaction. Rather than having to .
~ measure the absolute rate of a pa.rtlcular beta decay, in the case of B1 the
constancy of the beta~decay (~ 66. 3%) can be measured relative to the alpha decay |
.(w 33.7%) by a simple measurement of fhe B-decay/oz.—decay branching ratio. The‘ '
measurement of this ratm corresponds to a comparison of two dlfferent clocks

21231 strong-interaction (alpha-decay) clock and the 2B1 weak-mteractlon -

(the
(beta-decay) clock} at a series of identical locations in a gravitational field, as
discussed by Will.z) Such a branching ratio measurement is completely insensitive -
| to problenns sucn as source sfability and is therefore much simpief and more |
‘re];iable than the m'easurement of an absolute.. decay rafe. (There are other cases
of o ‘vs. ;3 decays, but ‘212B‘i is the only one where the branches are so.nearly
equivalent t_hat good statistics can be obtsined eﬁﬁcientiy and simultaneously forA

 both branches.) Furthermore, since the 212Bi beta decay to 212Po is followed by

a 100% alpha decay, f.he 212Bi beta/alpha branching ratio can be measured directly

1. C.W. Misner, K.S. Thorne and J.A. Wheeler, Gravitation (Section 38 6), -
W.H. Freeman and Co. (1973). .
2. C.M. Will, Physical Review D 10 (1974) 2330.
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2Bi_(oz) 208Tl alpha decays. (The resulting

by comparing the 212Po (a)l ZOSPﬁ and 21
monoenergetic alpha particle groups are much easier to méasure reliably than is
 the continuous beta spectrum. The fact that both branches can be measured with
thé same detector é.t the same time also increéses' the reliability of the measurement
.. by making it QSéenﬁa]ly independeént of the dimensional stabilify of the sourcé—
. detector geométr&.) | |
| | In tﬁe proi:dsed experiment, the radioactive'zlzBi(t% - 60.5 minutes) is -
gene'rated by a 22_8Th source (t% = 1.90 years); see Figure 2. 'i‘he measured all_pha;-; '
parﬁclé energy spectrum is shown in f‘igure 3 (AE = 3-Q keV FWHM) The alpha
| particles of interest are the unresoleed doublet at 6.05_'and 6.09 MeV cOi’respon’ding
to the ‘alpha decay of 212Bi and the group at 8.78 MeV corresponding to the ;Iecéy i

2 _ ' o
of 12Po. Any variation in the ratio of these two alpha particle groups would

represve'nt a variation in the relative strengths of the b-eta'and alpha decaj;s of 212Bi. i
| The 8. 7S-MeV 2121;; group is well separated from..thvev other grdups and cé.n
be easily counted with a single ¢hannel analyzer (SCA) and a scaler. The 6.05/6.09- _ |
MeV doublet, howéve-r, is not sufficiently well separatedv from the tgils of the other
alpha-particle-groups-to be extracted reliabiy and gonsistenﬂy with a siﬁﬁlé SCA .~ o
window setting. 4Ho_wever, since all of the other decays' in the 228Th series are -
100% alphé decays, once the source activities have coﬁle into equilibriq:m (at the -

5

level of 5 x 10 ~, this takes only 46 days from an initially pure 228Th source), a

measure of the consfancy of the 212Bi branching ratio can also be obtained' quite

12Po

simply from a measure of the constancy of the ratio of one SCA set on the 2
8.78~MeV alpha-particle group and another SCA set to include the sum of all the

. alpha-particle groups. There is an overall reduction in the sensitivity in this
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k ' 212
-method by a factor of ~/3 as compared to a2 measurement of the ratio of the 1 Po
and ;2Bi alpha groups, but the much greater simplicity and reliability of this
method argues‘ etrongly in its favor.

The level of sensitivity required for such a measurement of a violation of the

o Equivalence Pr'inciple ca.n be estimated on the hasis of the size of a change in the

. grawtational potential wh10h is access1ble to such an experiment The Universal
.Gravitational Potentia.l ‘I) , is. given by |
2 ’ .
<I> ~C = 9x10 ergs/gram. o
: Within the solar system, spec1fic contr1butions include the following
A <1> 11 . .
P arth (at its surface) ~ 6x10 ergs/g'ram '

. 15 ,
i) * (at its surface)ml, 9x10 ergs/gram ‘

Sun

2
d, (at 1 A.U) =~ 8 9x1o1 ergs/gram.

Sun . .
On tlus basis, the followmg _changes ‘in the grav1tational potential [A<I> q’MAX CI)MIN]

can be reahzed in the following classes of experiments

(1) Ground-Based utillzing the eccentric1ty of the Earth's orbit
(e=0.017)-==-= AP 3x1011 ergs/gram '

- -10
4A<I>/‘I’o ~3x10

) (2) Spacecraft in an eccentric orbit around the earth
' ' 11
R <r <10 Rp)----- A &~ 6x10 ergs/gram

A<I>/§> ~6x10" 10,

[no rea.l advantage over (1) ]

3 Spacecraft in an eccentric solar orbit (e.g., the Solar Probe mission with
a perlhehon distance of 4 R 0) (averaged over ~90°< @ =+ 90 At =~ % day,
----- Ap ~3. 2x1014ergs/gram '
AD/® 0 ~3x10



" Thus, on the basis‘of the relative magnifudes of the é.vailable Ad's, é Solaf -Probe
type mission is appfoximatel& 1000, times more sensitive than either (1) or (2).
Experiments (1) and (2) do have two advantages §ver a Solar-Probe type missioﬁ. .
Whereas a Solar-Probe type mission wduld pfovide only a single I;ass (z% day)’i )

perihelion measurement (at its @ both (1) and (2) would provide repeéted "

} } MAX)’ _,
measurements at their & for a total of approximately 500 days of data measure-

_ MAX
ment at each orbital extreme over 'a- 5 year pgriod for a factor of ~1000 increase in’
| data abcumuiation efﬁciénéy coﬁxpared tb a Solar-_-i’mbe type mission. Secondly,
| _both experiments (1) and (2) [eépecia.'ll& (1)' ] would 'be substantiallir simplei' and
cheaper than experiment (35; However, since the sensitivity of such a nieaSufement
has a linear dependence on A® but depends only on the 'squa.ré root of the data
measﬁrement efﬁciency, ' experiﬁents of type 1) and (2) would require an efficiency
incrc_éas'e bj} a fa;ctor of 106‘in‘ordér tc;.co'r'npef;e w1th a Solar-Probe type | o . '
mission (e.g., a multiplicity of 1000 such experiments collecting dé,ta over a time
interval 1000 tinies longer than the g daj Solar-;-Probe peﬁhehon pé.ésage). :
At the present time it se;ams reasonable to adopt a figure foxf the required
| sensitivity fof éuch' an expériment as corresp§nding to a Weak Lﬁteraction yiolétion
-of the Equivalence Principle at the level of 100 [i.e. , ~10"6 corresponding to
- A9 (Solar P;obe)-/ @ 0’ alfhough one would c.learly. want to eventually improvm'e‘this
tosm's] . | |
Preliminary studies had demonstrated the feasibility of making such méasure-
nqents with a sensitivity of ~ 10-4 in a 24-hour counting period (corresponding to a
total counting rate of ~ 3 x 103/ sec in the alpha-particle detector) usmg standard
NIM electronics. The specific purpose for which the present project Was funded

to see how much this sensitivity could be improved by increasing the counting rate



- which could be tolerated through the use -of‘ much faster electronics.

In order to make these tests, a system of fast electronics was as_senibled as
| shown in Figure 4. [Those umts designated With an (*) were purchased with funds
 provided by this grant; all of the other un.its were made available to this project_

_ from the Department of Energy umbrella contract #DE-A COZ- 76ER0374 which supports " _ »
: the operation of this laboratory. This DOE contract also supported all of the per- L ‘

" sonnel, operatlonal and overhead aspects of this project. ] This system was de-
. 81g'ned to analyze the alpha-particle spectrum in F1gure 3 by setting gates around o
() the 8.178 -MeV 212R> alpha-particle group and (b) the 5. 35 MeV to 6 78-MeV
-’alpha-partlcle groups from 228 Th 4 a, 220Rn, 216Po,- and 212Bi and then usmg

fast scalers to count the alpha particles in each of these two gates.‘ The alpha
.partlcles which were not in e1ther of these gates (e g., the tails of the alpha—partlcle B
peaks) were stored ina 1024—channel pulse-height-_analyzer (PHA) in order to moni- 'l
tor g'a.ln shifts, discriminator shifts, and detector degradatmn due to radiation damage.'_
| In this way we' vrere eble to accumulate and aualy’ze the alpha-p.article spectrum with |
- the dispersmn of a 1024~-channel PHA but without having to handle the high counting
rate (~ 10 / sec) in the PHA since ~ 99% of the countmc, rate was routed to fast
scalers and only ~1% was routed to the PHA. A comparison of the gated and un~
gated 'alpha-particle ‘spectra is shown in Figure 5. . -

. The net sesult of this work was an 1mprovement by a factor of =100 in the

usable countmg rate to ~10 / sec which corresponds toa sens1t1v1ty of ~ 10 -5 for |
'a,one-day measuremmt; This is, however, still not adequate (<10 ) for measurmg'
a violation at the level of 100 for a Solar-Probe mission. The factor of 10— increase

in sensitivity required for such a measurement of 100 violation (a factor of 103 im-
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provement is required to test ‘for a riolation at ’the level of-io—z) would require a
‘ factor of 100 ( a factor of 106 for a violation -of 10_2) increase in either the counting :
- rate of the system or the muitiplicity of detectors in the experiment.
At the present time counting rates m excess of ios/ sec do not appea' to be
feasible with this system due to a loss of-resolution.- It is conceivable that. an :

additional factor of 5-10 could be obtained by add1tiona1 work on pile-up rejection 3

.and perhaps the use of dlfferent dlscriminator circuits, but at that level the detector

- will be countmg at a rate of 10 /day wh1ch is such that 51gm.f1ca.nt detector deten- R

oration due to radlation damage will occur durmg a 1-day counting period necesmta-t -
| "ting changes 1n the detector biasing on a scale of every few hours and replacement |
of the detector every few days; counting rates‘beyond 166/ sec dov not'ap‘pear practical
at this time. | S .

. Additional increases in sensitivity can be realized-by ntilizing a large array |
of such experiments to increase the effective countmg rate. An array of 100 sets
-_ ._of the present experlment (perhaps at a cost of ~ $40 000 each for a large array)
conld then search for violations of the order of 100 in a Solar Probe mission.
| 'Searches for violations at the level of 10';2 Vwould require an arragro'fxlosv experi- |
ments even for a Solar Probe mission, and do not therefore appear to be economlca.lly' .
feasible. Earth-Orbit and Ground-Based experiments, as described above, would
require multiplicities 103 times larger than for a Solar Probe mission and, there-
fore, do not appear feasible at the present time eren for violations at the level of
100.

Our current plans are (i) to utilize this instrumentation in order to see

~what additional improvements can be achieved in the allowable counting'rate, @)



to look into the use of other detectors, and (3) to reexamine this exi)eriment

conceptually in ofder to sée if_ alternative approaches to th_is idea might be found

(for example, probingfmuch larger changes in 'A ® by making use Qf deéays in m.ai:e.riatl }
already in the neighborhOdd 6f .highly condensed obi ects such as neutron stars or

- black holes).



Expenditures (# NAS 8-33572):

22 | |
8Th Alpha-Particle Source (75 u Ci)

Si (SB) Detector.

Pre-Amplifier C-2003B

Amplifier 0-474

Coincidence Circuit E- C315/N‘L
Discriminator E-T105/N

Differential Discriminator E- TD101/N
Dual Scaler J-VS

Delay Amplifier 0-442
" Power Supplies

TOTAL

$ 525.

550.
565.
555,
930.

885,

995,
950.

9’.

940.

948,

$77843.





