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Outline	
  

•  Bubble	
  Chamber	
  Thermodynamics	
  
•  Nuclear	
  Recoil	
  Calibra-ons	
  
– Charged	
  Pions	
  
– Low-­‐energy	
  neutrons	
  
– High-­‐energy	
  neutrons	
  

•  Electron	
  Recoil	
  Calibra-ons	
  
– When	
  is	
  an	
  ER	
  not	
  just	
  an	
  ER?	
  

•  Scin-lla-ng	
  bubbles…	
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Bubble	
  Chamber	
  Basics	
  
•  Superheated	
  Target	
  
–  CF3I,	
  C3F8,	
  …	
  

•  Par-cle	
  interac-ons	
  
nucleate	
  bubbles	
  

•  Cameras	
  and	
  acous-c	
  
sensors	
  capture	
  
bubbles	
  

•  Chamber	
  recompresses	
  
aTer	
  each	
  event	
  

4	
  

3 

2.1  Bubble Chamber Overview 

The PICO Collaboration, product of the recent merger between COUPP and PICASSO, uses superheated 
fluids to search for WIMP dark matter.  The baseline PICO detector is a bubble chamber filled with a 

target liquid (C3F8 or CF3I) and run in a moderately superheated state where it is sensitive to the low 

energy nuclear recoils from WIMP scatters but completely insensitive to recoiling electrons and minimum 

ionizing particles, eliminating the gamma and beta backgrounds that plague most dark matter direct 
detection experiments.  A WIMP scatter creating a nuclear recoil over the energy threshold set by the 

temperature and pressure of the chamber creates a single macroscopic bubble. 

Figure 2 shows a schematic of the typical COUPP or PICO bubble chamber.  The superheated fluid is 
contained in a synthetic silica bell jar.  This jar plus the attached bellows assembly form a clean, sealed 

inner volume, with a buffer fluid (typically water) filling the space above the superheated target.  The 

inner vessel is immersed in a pressure vessel filled with hydraulic fluid.  The bellows on the inner vessel 
serve to balance the pressure between the inner vessel fluids and the hydraulic fluid, preventing any 

differential pressure from building across the wall of the silica vessel. 

Cameras mounted outside the pressure vessel continuously capture stereo images of the target fluid, 

providing both the primary trigger on bubble nucleation and the 3-D position of the event.  On this trigger 
acoustic transducers record the ultrasonic emission from the bubble formation, and the chamber rapidly 

compresses to a non-superheated state, re-condensing the bubble vapor.  Following a ~30 second settling 

time the chamber re-expands to the superheated state, arming for the next event.  Despite this reset period, 
the currently operating COUPP-60 experiment is live >85% of the time when taking physics data. 

Although beta-decays and gamma-interactions will not nucleate bubbles in the superheated fluid, an 

alpha-decay in the fluid will create a single bubble.  This bubble, however, has ~4x greater acoustic 
emission than a bubble nucleated by a nuclear recoil (see Fig. 3).  This effect was first seen by the 

PICASSO Collaboration in superheated droplets [23], and has since been confirmed in COUPP bubble 

chambers [24][8].  The discovery of acoustic alpha discrimination has transformed the bubble chamber 

into a potentially background-free technology for dark matter detection. 

   
Figure 2:  (Left) Schematic of a typical COUPP or PICO bubble chamber showing the target fluid (C3F8 
or CF3I), buffer fluid (water) and hydraulic fluid volumes.  (Right) Stereo images taken from the 

COUPP–60 data, showing the 18-liter CF3I target and a neutron-induced 5-bubble event from an AmBe 

calibration source. 
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Bubble	
  Chamber	
  Basics	
  
•  For	
  interac-ons	
  in	
  
this	
  talk,	
  response	
  is	
  
BINARY	
  –	
  
bubble/no-­‐bubble	
  
– By	
  the	
  -me	
  we	
  hear	
  a	
  
bubble,	
  it’s	
  drawn	
  
1	
  MeV	
  from	
  the	
  fluid	
  

– By	
  the	
  -me	
  we	
  see	
  it,	
  
it’s	
  drawn	
  10	
  PeV	
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Bubble	
  Chamber	
  Thermodynamics	
  

•  Reaching	
  the	
  superheated	
  state	
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Superheated	
  Liquid	
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Bubble	
  Chamber	
  Thermodynamics	
  

•  Consider	
  the	
  equilibrium	
  state	
  with	
  a	
  bubble:	
  

– Tl	
  =	
  Tb	
  (thermal	
  equilibrium)	
  
– µl	
  =	
  µb	
  (chemical	
  equilibrium)	
  
(so	
  Pb	
  ≈	
  Pvap)	
  

– Pb	
  –	
  Pl	
  =	
  Ps	
  =	
  2σ / rc	
  
(mechanical	
  equilibrium)	
  

Note,	
  this	
  is	
  an	
  
unstable	
  equilibrium	
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Pl,	
  Tl	
  

Pb,	
  Tb	
  
Ps	
  

E.	
  Dahl,	
  9/25/15,	
  KICP	
  



Bubble	
  Chamber	
  Thermodynamics	
  

•  What	
  does	
  it	
  take	
  to	
  produce	
  cri-cal	
  bubble?	
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Pl=30	
  psia,	
  Tl=14oC	
  

Pb=	
  89.7	
  
	
  	
  	
  	
  	
  psia	
  

C3F8	
  
rc=23.7nm	
  

1.81	
  keV	
  

-­‐0.15	
  keV	
  

1.53	
  keV	
  

Surface	
  energy,	
  Bulk	
  energy,	
  Reversible	
  Work	
  
=	
  3.19	
  keV	
  total	
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Bubble	
  Chamber	
  Thermodynamics	
  

•  What	
  does	
  it	
  take	
  to	
  produce	
  cri-cal	
  bubble?	
  
– Energy	
  (heat)	
  deposi-on	
  >	
  ET	
  
–  In	
  a	
  volume	
  <	
  rc	
  

•  0th	
  order,	
  dream	
  scenario:	
  
– Nuclear	
  recoils	
  with	
  Er	
  >	
  ET	
  make	
  bubbles	
  
– Electron	
  recoils	
  don’t	
  make	
  bubbles	
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Nuclear	
  Recoils	
  beyond	
  0th	
  order	
  

•  Nuclear	
  recoils	
  not	
  all	
  <	
  rc,	
  definitely	
  not	
  <<	
  rc	
  
•  Not	
  all	
  electronic	
  stopping	
  converted	
  to	
  local	
  
hea-ng	
  (Inverse	
  Lindhard	
  effect)	
  

TRIM	
  simula-on	
  (15	
  keV	
  19F	
  in	
  CF3I)	
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Nuclear	
  Recoil	
  Efficiency	
  –	
  Defini-on	
  

•  For	
  each	
  target	
  fluid,	
  need	
  to	
  measure	
  set	
  of	
  
probabili-es	
  
	
   	
   	
   	
   	
   	
   	
  PX(Er|ET)	
  
	
  
that	
  a	
  recoil	
  of	
  energy	
  Er	
  and	
  species	
  X	
  makes	
  a	
  bubble	
  
in	
  a	
  chamber	
  at	
  thermodynamic	
  threshold	
  ET	
  

•  Assump-ons:	
  
–  PX	
  monotonic	
  in	
  Er,	
  ET	
  
–  PX	
  =	
  0	
  for	
  Er	
  <	
  ET	
  
–  Phigh-­‐A	
  >	
  Plow-­‐A	
  at	
  fixed	
  Er,	
  ET	
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Nuclear	
  Recoil	
  Calibra-ons:	
  	
  
Challenges	
  

•  Threshold	
  detector!	
  

Bubble	
  Rate	
  =	
  	
  	
  dEr	
  	
  P(Er)	
  x	
  R(Er)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Efficiency	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Spectrum	
  
– Cannot	
  determine	
  efficiency	
  with	
  single	
  recoil	
  
spectrum	
  

– High-­‐energy	
  recoils	
  wash	
  out	
  sensi-vity	
  near	
  
threshold	
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Nuclear	
  Recoil	
  Calibra-ons:	
  	
  
Challenges	
  

•  Threshold	
  detector!	
  

•  1k	
  bubbles	
  /	
  day	
  max	
  
– Tagged	
  scaoering	
  requires	
  complete	
  tagging	
  (no	
  
wasted	
  bubbles)	
  

•  Mul-ple	
  nuclei	
  with	
  different	
  kinema-cs	
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Nuclear	
  Recoil	
  Calibra-ons:	
  	
  
Advantages!	
  

•  No	
  electron	
  sensi-vity!	
  
– No	
  shielding	
  necessary	
  with	
  9Be(γ,n)	
  sources	
  
– Can	
  work	
  with	
  charged	
  beams	
  directly	
  (e.g.	
  π-­‐	
  
scaoering)	
  

•  Excellent	
  3-­‐D	
  posi-on	
  reconstruc-on	
  
– Take	
  advantage	
  of	
  mul-ple	
  scaoering	
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The	
  CIRTE	
  Experiment	
  

12	
  GeV	
  π–	
  

•  Er	
  =	
  (pθ)2	
  /	
  2MN	
  
•  13.5	
  keV	
  127I	
  recoil	
  =	
  4.7	
  mrad	
  scaoer	
  
•  0.7	
  mrad	
  resolu-on	
  (mul-ple	
  Coulomb	
  scaoering	
  
and	
  pixel	
  size)	
  

Phys.	
  Rev.	
  D	
  88,	
  021102	
  (2013)	
  

CF3I	
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Silicon	
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  Telescope	
  at	
  the	
  Fermilab	
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Silicon	
  Pixel	
  Telescope	
  +	
  Bubble	
  Chamber	
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3

chamber and the pixel telescope. The chamber was ex-
panded to the superheated state 22 seconds before the
arrival of the beam, allowing time for pressure and tem-
perature transients to dissipate after expansion. The ob-
servation of bubbles by a 100-Hz video camera system
created a bubble chamber trigger, causing the video im-
ages and associated data to be recorded and the chamber
to be recompressed. After recompression, the chamber
was dead for the remainder of the beam spill, allowing
us to collect at most one bubble event per minute. We
collected about four good single-bubble events per hour,
with the primary losses due to premature bubble cham-
ber triggers, bubbles forming outside of the region cov-
ered by the telescope planes, multiple bubble events and
large-angle scatters outside the acceptance of the down-
stream plaquettes. The last two categories are predomi-
nantly the result of inelastic interactions. Figure 1 shows
an example scattering event.

At the end of the run the CF
3

I was removed and a
target empty data set was taken. In addition, data were
taken in a test run in December 2011 with no target,
as well as solid targets of quartz, graphite, Teflon or
(C

2

F
4

)
n

, and crystalline iodine.
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FIG. 1. (Color online) An example event (✓ = 6 mrad), in-
cluding the relative timing of the telescope trigger and acous-
tic signal, one camera image of the bubble, and the y and
z positions of the telescope hits. The pion beam is in the
+z direction. The camera image is not to scale but the test
tube has inner diameter of 10 mm. Beam tubes in the water
bath to minimize the material traversed by the pion beam are
visible to either side of the bubble chamber.

II. ANALYSIS

The primary analysis output is the bubble nucleation
fraction as a function of EIe, given by the ratio

r

bub

=
N

bub

(N
tot

�N

multi

)f
CF3I

, (4)

where N

bub

is the observed number of pion tracks cre-
ating single bubbles, N

tot

is the total number of pion
tracks, N

multi

is the number of tracks creating multiple
bubbles, and f

CF3I

is the fraction of scatters that occur
in the active CF

3

I volume, determined by a comparison
of the number of scatters in the target-full data set to
the number in the target-empty data set normalized to
the number of pion tracks (N

emp

):

f

CF3I

= (N
tot

�N

emp

)/N
tot

. (5)

An angular smearing correction is made to N

emp

to in-
clude the MCS from the absent CF

3

I by convolution with
the standard Gaussian approximation for MCS [15].
Each pion track is fitted for an upstream and down-

stream component, with an associated scattering angle
and 3-D point of closest approach of the two compo-
nents. The upstream and downstream track segments
are required to have exactly one hit cluster in at least
three of the four pixel planes, good fits to straight lines
(�2

/⌫ < 4), and to meet in space to within 0.5 mm. To
exclude pions that passed through little or no CF

3

I, the
upstream track is required to pass within 4 mm of the
center of the 10-mm-diameter bubble chamber in the x

direction. The y location of the track is limited by the
vertical extent of the pixel planes. Because the uncer-
tainty on the location of the point of closest approach
in the beam direction (z) depends strongly on the scat-
tering angle, we require the z location to be within 3�z

of the bubble chamber, where �z is the uncertainty on
z for each individual event. Events with more than one
track are rejected. As these track cuts are applied with-
out regard to the presence of nucleations in the bubble
chamber, their e�ciency applies equally to N

bub

, N
tot

,
N

multi

, and N

emp

, and therefore cancels in the final ra-
tio, r

bub

.
The next step is to associate a bubble with a unique

track using both time and space correlations. The tim-
ing requirement for correlating a track with a bubble is
chosen to be 20 < �t < 120 µs. The bubble locations
are reconstructed using standard COUPP techniques [1],
and the di↵erence between reconstructed bubble position
and point of closest approach of the track components is
required to be less than 2.1 mm in the x direction and less
than 0.9 mm in the y direction. The combined event ac-
ceptance of these timing and spatial cuts is 0.958±0.011.
After these data selection and quality cuts, 350 good sin-
gle bubble events remain. The final bubble nucleation
fraction, r

bub

, is shown as the points in Fig. 2.
To disentangle the iodine component from carbon, flu-

orine and inelastic scattering, we perform a full simu-

CIRTE	
  Event	
  

CF3I	
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CIRTE	
  Results	
  

•  At	
  ET=13.6	
  keV,	
  PI-­‐127	
  consistent	
  with	
  step-­‐
func-on	
  at	
  Er=16.8	
  keV	
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FIG. 2. (Color online) The fraction of pion scattering events
that produced bubbles as a function of iodine equivalent re-
coil energy. The solid curves show the simulated contribution
from individual recoil species (from high to low at 20 keV,
red for iodine, green for fluorine, and pink for carbon and in-
elastics), with the blue dashed curve showing the sum. The
iodine curve shown takes a step function e�ciency model for
iodine recoils using the best fit threshold of (16.8+0.8

�1.1) keV.

lation using GEANT4.9.5 [16]. The simulation was vali-
dated by comparing the simulated scattering angular dis-
tributions to data for no target, target empty, target full,
and the solid targets. In all cases, in the MCS-dominated
small scattering angle region there is good (few per-
cent) agreement with no adjustable parameters, suggest-
ing that the telescope geometry is accurately modeled
in the simulation. In the larger scattering angle region
dominated by strong elastic scattering, the simulation
systematically overestimates the observed scattering rate
by ⇠ 40%. As this ratio is measured to be the same for
Teflon (1.45± 0.10) and iodine (1.41± 0.12), we assume
that the relative contributions of iodine, fluorine and car-
bon are being accurately described by the MC.

A significant systematic uncertainty is introduced by
our developing understanding of the carbon and fluorine
recoil nucleation e�ciency in this low energy regime. On-
going studies with ad hoc neutron sources [17] will reduce
this uncertainty in the future, but here we apply the ex-
ponential carbon and fluorine e�ciency model from [11]:

✏(E) = 1� exp(�↵[(E � ET )/ET ]), (6)

where E is the nuclear recoil energy and ET is the thresh-
old energy. In [11] we found ↵ = 0.15 to be consistent
with AmBe neutron calibration data.

We test the hypothesis that the iodine recoil nucle-
ation e�ciency follows the nominal Seitz model of a step
function (↵I � 1) with 100% e�ciency above the Seitz
threshold by fitting a step function to the data in the
region 9 < EIe < 42 keV, allowing ET to float. The fit

returns ET = (16.8+0.8
�1.1) keV, where the error bars are

statistical. This value is 2.1� higher than the Seitz model
threshold (13.6± 0.6) keV± 6%(sys), where the system-
atic error includes absolute energy scale uncertainties of
3% in the beam momentum and 1% in the scattering an-
gle stemming from uncertainty in the z positions of the
plaquettes. The fit is shown as the dashed blue line in
Fig. 2.
Figure 3 shows the inferred iodine nucleation e�ciency

as a function of EIe with the iodine component isolated
by subtracting the simulated contributions from carbon,
fluorine and inelastic scatters. The dashed blue curve is
the best fit step function with ET = (16.8+0.8

�1.1) keV. For
comparison, the red region represents a step function at
the predicted Seitz threshold, where the range represents
the 1� band including the thermodynamic uncertainty
and the scale uncertainties in the absolute energy scale
of the experiment.
Given the energy resolution smearing induced by MCS

in this experiment, the preference for a value of ET

higher than the prediction cannot be easily distinguished
from an exponential model like Eq. (6) for iodine nucle-
ation e�ciency with a lower threshold energy and a finite
value of ↵I . Previous studies have shown that the Seitz
model accurately predicts the threshold at which bub-
ble nucleation begins for heavy radon daughter nuclei in
CF

3

I [1, 11]. We therefore perform a second fit apply-
ing the exponential model to iodine recoils, taking the
Seitz threshold calculation as an external input to the
analysis to explore the allowed range of ↵I . The best fit
is shown as the black curve in Fig. 3. The inset shows
2� contours for fits to the exponential model with the
threshold constrained by our prediction (shaded region)
and free (unshaded region), along with the best fit points.
To assess the systematic errors associated with carbon

and fluorine recoils, we refit the data with two alternative
models for carbon and fluorine e�ciency: the flat model
from [11] with energy-independent nucleation e�ciency,
⌘C,F = 49%, above threshold, and a step function with
⌘C,F = 100%. The latter case represents the worst pos-
sible scenario for the response of the bubble chamber to
iodine recoils, as the response to carbon and fluorine is
maximized. We use the exponential model for iodine re-
coils, allowing ↵I to float and treating ET as a nuisance
parameter constrained by the prediction. The results of
these fits are summarized in Table I. Extended fits over
the energy interval 9 < EIe < 100 keV have a negligible
e↵ect on the iodine fit parameters but disfavor the flat
C/F e�ciency model with ⌘C,F = 49%.

In conclusion, we have directly measured the e�ciency
for iodine bubble nucleation in a CF

3

I bubble chamber
operated with a nominal threshold of (13.6 ± 0.6) keV.
For some models of carbon and fluorine e�ciency, the re-
sponse to iodine recoils is consistent with a step function
at the Seitz threshold, but in all cases there is a prefer-
ence for either a softer turn on or a slightly higher thresh-
old. Even in the worst case scenario for iodine, however,
the response of the chamber to iodine recoils is much

CF3I	
  

C	
  
F	
  

I	
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Neutron	
  Calibra-ons	
  
•  Mono-­‐energe-c	
  low-­‐energy	
  neutrons	
  
–  51V(p,n)	
  51Cr	
  
•  Many	
  very	
  sharp	
  (~.25	
  keV)	
  resonances	
  
•  Neutrons	
  from	
  4.8	
  to	
  119	
  keV	
  

–  9Be(γ,n)	
  
•  88Y,	
  207Bi,	
  124Sb	
  
	
  

20	
  

4.8	
  keV	
  

82	
  keV	
  

Phys.	
  Rev.	
  100,	
  167	
  (1955)	
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•  Data	
  on-­‐	
  and	
  off-­‐	
  Fluorine	
  resonances	
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Neutron	
  Calibra-ons	
  

ENDF	
  (and	
  thus	
  Geant4,	
  
MCNP)	
  gets	
  these	
  
resonances	
  wrong	
  
(has	
  them	
  as	
  isotropic)	
  
	
  
Fixed	
  in:	
  
A.	
  Robinson	
  
PRC	
  89,	
  032801	
  (2014)	
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Sample	
  51V(p,n)	
  data	
  

•  No	
  carbon	
  turn-­‐on,	
  apparent	
  fluorine	
  turn-­‐
on…	
  

C3F8	
  

Fluorine	
  endpoints	
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Absolute	
  Normaliza-on	
  of	
  51V(p,n)	
  Data	
  

•  Two	
  3He	
  counters	
  recording	
  neutron	
  exposure	
  
in	
  superheated	
  state	
  
– 1	
  fixed	
  posi-on	
  below	
  51V	
  target	
  
– 1	
  in	
  various	
  posi-ons	
  to	
  measure	
  angular	
  
distribu-on	
  of	
  emioed	
  neutrons	
  

– Simula-on	
  must	
  reproduce	
  rela-ve	
  rates	
  in	
  2	
  3He	
  
counters	
  to	
  include	
  data	
  

•  Measure	
  51Cr	
  in	
  target	
  (27.7	
  day,	
  320-­‐keV	
  γ)	
  
•  Absolute	
  neutron	
  flux	
  known	
  to	
  7%-­‐11%,	
  
depending	
  on	
  neutron	
  energy	
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AmBe	
  in	
  PICO-­‐2L	
  

•  High-­‐mul-plicity	
  
events	
  measure	
  
sensi-vity	
  to	
  low-­‐
energy	
  recoils	
  
– e.g.	
  neutron	
  stays	
  in	
  
fluorine	
  resonance	
  for	
  
many	
  few-­‐keV	
  scaoers	
  

C3F8	
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Throw	
  it	
  all	
  together	
  

25	
  

•  Fit	
  to	
  piece-­‐wise	
  linear	
  
efficiency	
  curves	
  
–  `kinks’	
  fixed	
  at	
  0%,	
  20%,	
  
50%,	
  80%,	
  100%	
  

–  Energy	
  of	
  kinks	
  floats	
  (10	
  
free	
  parameters)	
  

•  For	
  WIMP	
  limit,	
  use	
  
most	
  pessimis-c	
  
efficiency	
  consistent	
  
with	
  calibra-on	
  data	
  at	
  
1-­‐sigma	
  
– Depends	
  on	
  WIMP	
  mass,	
  
interac-on	
  

C3F8	
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Throw	
  it	
  all	
  together	
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•  Fit	
  to	
  piece-­‐wise	
  linear	
  
efficiency	
  curves	
  
–  `kinks’	
  fixed	
  at	
  0%,	
  20%,	
  
50%,	
  80%,	
  100%	
  

–  Energy	
  of	
  kinks	
  floats	
  (10	
  
free	
  parameters)	
  

•  For	
  WIMP	
  limit,	
  use	
  
most	
  pessimis-c	
  
efficiency	
  consistent	
  
with	
  calibra-on	
  data	
  at	
  
1-­‐sigma	
  
– Depends	
  on	
  WIMP	
  mass,	
  
interac-on	
  

C3F8	
  

CF3I	
  

PRELIMINARY	
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“Electron	
  Recoils”	
  

•  Many	
  gamma	
  energies,	
  several	
  genera-ons	
  
of	
  detectors	
   27	
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“Electron	
  Recoils”	
  

•  But	
  why	
  are	
  C3F8	
  and	
  CF3I	
  so	
  different?	
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C3F8	
  gets	
  CF3I	
  
gamma	
  sensi-vity???	
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Anomalous	
  sensi-vity	
  
Reproduced	
  at	
  Northwestern...	
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A	
  common	
  thread	
  

•  The	
  C3F8	
  chambers	
  with	
  high	
  gamma	
  
sensi-vity	
  all	
  had	
  poten-al	
  for	
  high-­‐Z	
  
contaminants	
  
– Tungsten	
  residue	
  from	
  a	
  thoriated	
  welding	
  rod	
  
test	
  in	
  the	
  Northwestern	
  chamber…	
  

•  Are	
  we	
  seeing	
  Auger	
  cascades	
  in	
  high-­‐Z	
  
nuclei?	
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A	
  test	
  for	
  Tungsten	
  

•  207Bi	
  source	
  
– 73-­‐85	
  keV:	
  	
  74%	
  BR	
  	
  <-­‐	
  Photoabsorp-on	
  candidate	
  
– 570	
  keV:	
  	
  98%	
  
– 1064	
  keV:	
  	
  75%	
  

•  If	
  W-­‐photoabsorp-on	
  is	
  culprit,	
  2mm	
  lead	
  will	
  
cut	
  rate	
  by	
  order	
  of	
  magnitude…	
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A	
  test	
  for	
  Tungsten	
  

•  If	
  W-­‐photoabsorp-on	
  is	
  culprit,	
  2mm	
  lead	
  will	
  
cut	
  rate	
  by	
  order	
  of	
  magnitude…	
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Bubble	
  Nuclea-on	
  by	
  Auger	
  Cascades	
  

•  Auger	
  cascades	
  can	
  lead	
  to	
  10+	
  sub-­‐keV	
  
electrons	
  from	
  the	
  parent	
  atom	
  

•  Vastly	
  different	
  track	
  topology	
  than	
  you	
  get	
  
from	
  single	
  high-­‐energy	
  electron	
  

•  Compton	
  Scaoers	
  and	
  νe-­‐>νe	
  can	
  leave	
  inner	
  
shell	
  vacancies,	
  unlike	
  3H	
  decays.	
  
– Thomas-­‐Imel	
  says	
  this	
  shouldn’t	
  maoer	
  in	
  xenon	
  
below	
  10	
  keVee,	
  but	
  worth	
  checking…	
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Camera&

to&Hydraulic&Pressure&Control&

to&cold&head&

to&xenon&source&

5100oC&zone&

550oC&zone&

Photodetector&

Superheated&xenon&

A	
  Scin-lla-ng	
  Xenon	
  Bubble	
  Chamber	
  

1	
  Year	
  ago	
  

•  All	
  the	
  perks	
  of	
  a	
  
bubble	
  chamber	
  
– ER	
  insensi-vity	
  
– Easy	
  3D	
  recon	
  (no	
  
E-­‐field	
  req’d)	
  

•  With	
  scin-lla-on	
  
light	
  for	
  energy	
  
scale	
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Camera Port 

Mirror 

Warm Flange 

Cold Flange 

Bellows 

Xenon (Target Fluid) 

4	
  months	
  ago	
  

•  All	
  the	
  perks	
  of	
  a	
  
bubble	
  chamber	
  
– ER	
  insensi-vity	
  
– Easy	
  3D	
  recon	
  (no	
  
E-­‐field	
  req’d)	
  

•  With	
  scin-lla-on	
  
light	
  for	
  energy	
  
scale	
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A	
  Scin-lla-ng	
  Xenon	
  Bubble	
  Chamber	
  



Assembling*the*detector*

10*

3	
  weeks	
  ago	
  

•  Possible	
  new	
  tool	
  
for	
  calibra-ons	
  
– “Inverse	
  Lindhard”	
  
measurement	
  

– Photoneutrons	
  
without	
  shielding	
  
(S1	
  only)	
  

– Other	
  ideas?	
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A	
  Scin-lla-ng	
  Xenon	
  Bubble	
  Chamber	
  



Summary	
  

•  Nuclear	
  Recoils	
  
– Nuclea-on	
  probability	
  determined	
  by	
  

•  Pion	
  scaoering	
  
•  Mono-­‐energe-c	
  neutrons	
  with	
  absolute	
  rate	
  calibra-on	
  
•  Bubble	
  mul-plicity	
  

–  Close	
  to	
  thermodynamic	
  limit	
  when	
  tracks	
  are	
  small	
  
•  Electron	
  Recoils	
  
– Not	
  all	
  electron	
  recoils	
  are	
  equal	
  
– Auger	
  cascades	
  give	
  much	
  higher	
  bubble	
  nuclea-on	
  
probability	
  than	
  beta’s	
  or	
  valence	
  Compton	
  scaoers	
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