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						“Put	the	heart	on	the	right!	



Prototypical	“Handed”	Molecule	



Plane	of	Mirror	Symmetry	



Plane	of	Mirror	Symmetry	
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Chirality	in	Nature	



	 	 	Le3-handed															Right-handed	
			Molecule	 	 	enan=omer																enan=omer	

Heroin	 											an5tussive	 															addic5ve	narco5c	
	
Thalidomide 											relieves	morning														causes	birth	defects	 	

	 											sickness	
	
Ritalin 	 											reduces	hyperac5vity						ineffec5ve	 	 	

	 	 	 																												(may	have	side	effects?)	
	
Ibuprofen 											ineffec5ve 	 	effec5ve	pain	reliever		
	
Pyrethroids 											kills	bugs; 	 	doesn’t	kill	bugs	
	 	 											biodegradable 	 	non-biodegradable 	
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A	amusing	
consequence	of	
inversion	
asymmetry:	

Carvone	(C10H14O)	–									
right-handed	
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		OPTICAL	
		ACTIVITY	

• Biot	1811	
• Arago	1812	

DEXTROSE	

Macroscopic	Chiral	Effects	



		CIRCULAR	
DICHROISM	 RHC	

DEXTROSE	

• 	Fresnel	1835	

¡	3D	Dalton	ParUcles	!	





¿	What	does	inversion	invariance	
(“parity	conservaUon”)	imply	?	

• 	MelUng	point	
• 	Vapor	pressure	
• 	Electronic	properUes	
• 	Color	
• 	….etc…	



Wu	&	Ambler	(NBS,	1957)	
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“Parity	violaUon”	 implies	the	existence	of	
a	non-zero	pseudoscalar	quanUty:		
	

…alien	problem	solved…	



¡electrons	can	be	chiral!	
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¡the	W-	is	handed!	

InteracUon 	 	 	 	¿Parity	conserved?	
	
Strong 	 	 	 	 	Yes	
ElectromagneUc 	 	 	 	Yes	
Weak 	 	 	 	 	No	
GravitaUonal 	 	 	 	?	





L.	Pasteur	ca.	1847	



The	Vester-Ulbrict	Hypothesis		

•  Lee	and	Yang	propose	that	parity	is	violated	in	
nature	(1956)	

•  The	Wu-Ambler	experiment	(1957)	
•  Vester	in	a	seminar	at	Yale	proposes	that	
beta-ray-induced	bremsstrahlung	photolysis	is	
responsible	for	biological	homochirality	(1957)	

•  Goldhaber	shows	that	bremsstrahlung	from	
beta	rays	is	circularly-polarized	(1957)	



Cosmic	Rays	
…e.g.,	a	2J	proton…	





Alempts	to	Verify	the	Vester-Ulbricht	Hypothesis		

1)  Ulbricht	and	Vester	bombard	various	organic	substances	with	a	variety	of	beta	
radiaUon.		No	effect	on	opUcal	acUvity	seen	(1959).	

2)  Garay	bombards	tyrosine	with	betas	from	90Sr.		Reports	a	posiUve	result	(1968).	

3)  Bonner	et	al.	fail	to	reproduce	Garay’s	results	(1974).	

4)  Calvin	et	al.	alempt	to	preferenUally	destroy	amino	acids	with	betas	from	14C.		No	
effect	is	seen	(1972).	

5)  Bonner	et	al.	also	fail	to	see	a	posiUve	14C	effect	(1974).	

6)  Darge	et	al.	report	large	effect	with	32P	beta	radiaUon	on	tryptophan	(1976).	

7)  Bonner	et	al.	repeat	the	Darge	experiment,	see	no	effect	(1979).	

8)  Keszthelyi	and	Vincze	use	bremsstrahlung	from	57Fe	betas	to	photolize	tyrosine	
and	tryptophan.		No	effect	seen	(1975).	



Alempts	to	Verify	the	Vester-Ulbricht	Hypothesis	
		(…the	saga	conUnues…)		

9)		Bonner	et	al.	observe	radioracemiza5on	of	various	amino	acids		(1978).	
	
10)	Norden	et	al.	observe	preferenUal	radiolysis	of	leucine	with	unpolarized	gamma	
radiaUon	(1985).	?	
	
11)	Tokay	et	al.	observe	a	nonzero	result	in	leucine	labeled	with	14C	(1986).	
	
12)	Garay	and	Ahlgren-Beckendorf	observe	that	betas	from	32P	emit	different	levels	of	
Cerenkov	radiaUon	from	2-phenylbuteric	acid	(1990).		
	
13)	Bonner	et	al.	bombard	leucine	with	120	keV	polarized	electrons,	and	report	
significant	effects	(1975).	
	
14)	Hodge	et	al.	fail	to	reproduce	Bonner’s	results	(1979).		
	
15)	Naaman	et	al.	and	Rosenberg	et	al.	find	significant	effects	in	the	transmission	of	
polarized	electrons	through	ordered	layers	of	chiral	molecules	on	surfaces,	both	in	
terms	of	chemistry	and	in	transmission	(2000s).			



Electron	Scalering	from	Chiral	Molecules	

			DissociaUve	Alachment:	e-	+	AB	→	A-	+	B	



Our	Apparatus	

1)	laser	beam;	2)	differen5al	pumping	chamber;	3)	guiding	magnets;		
4)	GaAs	photocathode;	5)	cesiators;	6)	gate	valve;	7)	chiral	target	cell;		

8)	op5cal	polarimeter	target	cell;	9)	collima5ng	lens;	10)	window	to	op5cal	polarimeter	





Bromocamphor	

“chiral	center”	



Electron	Circular	Dichroism	

Transmission Asymmetry: 
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			DissociaUve	Alachment:	e-	+	AB	→	A-	+	B	



	
	

The	Problem	
	
On	theoreUcal	grounds,	we	expect	A	to	be	of	

order	10-4.	Such	a	small	asymmetry	can	be	easily	
mimicked	by	correlaUons	in	the	incident	
electron	beam	between	its	spin	and	its	

intensity…		
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J.M.	Dreiling,	S.J.	Burtwistle,	and	T.	J.	Gay,	Applied	OpUcs	54,	763	(2015);	M.A.	Fabrikant	et	al.,	Appl.Opt.	47,	2465	(2008)	
	
 

OPTICAL	SYSTEM	

~	SLAC	E158	



Electron	Circular	Dichroism	

Transmission Asymmetry: 
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			DissociaUve	Alachment:	e-	+	AB	→	A-	+	B	
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J.M.Dreiling	and	T.J.Gay,	PRL	113,	118103	(2014)		

DEA:	e-	+	AB	→	A-	+	B	



•  Theories	explaining	
asymmetry	disagree	on	Z	
dependence	

•  Vary	Z	
–  Bromocamphor,	ZBr	=	35	
–  Iodocamphor,	ZI	=	53	

•  Vary	locaUon	of	highest	Z		
–  3-Iodocamphor	
–  10-Iodocamphor	

Our	results	are	permiled	by	symmetry,	but	what	
are	the	dynamics	responsible?	
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3-Bromocamphor
DEA Asymmetry Data

J.M.Dreiling,	F.W.Lewis,	J.D.Mills,	and	T.J.Gay,	Phys.	Rev.	Lel.	116,	093201	(2016).	
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