Year 1 Annual Progress Report
DTRA IIRM (D. Wehe, S. Rand, J. Glodo)
4.1.2b.  Understanding the role of valence in bright scintillators (Wehe, Rand, Glodo; Hammig, Burger, Gao, Bourret-Courchesne, Shah)

Background: Currently, scintillator detectors provide optical output at the time the radiation interacts with the detector medium.  The output can be proportional to fluence or energy, but the light output ends once the charge kinetics at each site of interaction are complete. Typically, each electron produced through ionization generates at most one detectable photon and the timescale of emission is often limited by the relatively slow speed of hole capture at an activator site. However, we propose to overcome both these limitations with new approaches based on valence control of the scintillating ion. Our approaches will identify host-ion crystal systems that permit multiphoton generation per electron and investigate active methods to speed up the hole-capture process. 

Year One Activity:  the literature has shown that magnesium doping in garnet scintillators such as GGG:Ce improve performance because the 2+ magnesium enhances the 4+ (valence state) concentration of cerium. We believe that the 4+ state could enable a single carrier approach to scintillation, not requiring capture of the hole to complete the scintillation process. Choosing the proper host material is critical.  For example, in LuAP:Ce, Ce4+ created additional absorption that overlapped with Ce3+ emission.  Thus, we looked for families that incorporated cerium in either 3+ or 4+ valence states.

The initial work involved a thorough literature review of cerium containing compounds. We prefer cerium in the bulk, rather than as an impurity activator, to enhance the desired effect.
Thus, we sought to find stable compounds incorporating adjustable Ce4+/Ce3+ in which the cerium energy levels are positioned within the band gap.

After a review of the materials database, we found reasonable candidates:

Sr2-x Ce1+xO4  with x→{0,1} for Ce4+ →Ce3+
Ba1-xCe2-xO4
La2Ce2O7-x
Sr2ZrCeO6 [image: ]
[bookmark: _Ref80351868]Figure 1 Radioluminescence of BaHfO3:Ce samples


BaCeO3, SrCeO3 

 Encouragingly, some of the materials, {Ba,Sr}HfO3:Ce3+ have been studied as potential scintillators in the past.  They showed promising scintillation properties such as strong emission (cf. Fig. 1), good light yield and fast primary decay.  While in the past observed scintillation has been assigned to the 5d-4f emission of Ce3+* (because of a wider band gap) it is actually due to fast charge-transfer (CT) transitions.  At the time of the research the latter ideas were not well understood nor explored.

During Year 1, we initially chose to explore the first candidate,  Sr2CeO4  2Sr2+ + Ce4+ + 4O2-. 
[image: ]
[bookmark: _Ref80352146]Figure 23 Radioluminescence of BaHfO3:Ce samplesBand structure of Sr2CeO4 material (Materials Project).



This compound employs only Ce4+, and band gap calculations predict a reasonably wide band gap, with the Ce3+ ground states somewhere in the middle of the forbidden band.







[image: Text, letter

Description automatically generated]

RMD (J. Glodo) synthesized a few samples using solid state and co-precipitation methods.  
[image: A picture containing light, projector, night sky

Description automatically generated]Under UV excitation the best samples showed strong emission (cf. Fig. 3)– but emission intensity depended on the fabrication process indicating that material synthesis will play a role in this task. We tested all samples further using photoemission techniques, beginning with x-ray illumination.  



[bookmark: _Ref80352905]Figure 32 Radioluminescence of BaHfO3:Ce samplesPhotographs of samples under daylight and UV light.  
Some samples show strong emission under UV excitation. 


[image: ][image: ]
[bookmark: _Ref80352892]Figure 42 Radioluminescence of BaHfO3:Ce samplesRadioluminescence of the samples shown in previous figure.



The x-ray illumination results encouragingly showed visible light emission at ~490 nm for two of the samples (same samples showed emission under UV), see Figure 4.  (We assume that the samples without emission have not been synthesized correctly.)






This emission wavelength and its distribution (e.g. lag of the typical doublet), suggests a different from what might expect from type of emission than that of the Ce3+* transition we expected to see.  This emission has been identified as , is likely due to a Ce3+-> O- charge transfer reactiontransition.  Typically, such transitions are fast, which should be quite fast (e.g., Yb3+ doped scintillators showing 1 ns decay times).

Based on Figure 2, we can assume that Because the the Ce3+* states (5d) lies in the conduction band, and likely will not capture the electrons.  These will be captured directly into the ground state of Ce3+ - 4f.  Hence, we do not see that the characteristic 5d->4f emission.  The ideal host material would have a wider band gap to fit the 5d excited states.


The most luminous sample then underwent spectrophotometric testing, cf. Fig. 5.  The excitation spectrum showed the preferred absorption wavelengths, and the luminescence spectrum showed the emission wavelengths from the preferred absorption incident wavelengths.   

[image: Chart, line chart, histogram  Description automatically generated][image: Chart, line chart, histogram  Description automatically generated][image: ]
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[bookmark: _Ref80353183]Figure 5 Radioluminescence of BaHfO3:Ce samplesExcitation (left) and emission (right) spectra of a Sr2CeO4 sample.  At the bottom a simplified energy diagram of the system along with a list of observed transitions. 














The results showed that Ce4+ absorbs primarily at ~275 nm and ~350 nm, and emits at ~490 nm, as expected from our earlier x-ray illumination studies.  This is a very promising result.  We attribute these results to the level assignments shown at the bottom of Fig. 5. 



To better understand how the charge is being transferred, we performed timing studies under x-ray illumination, with the results shown in Fig. 6.  Surprisingly, the prominent decay time was long, ~35 𝜇s, which was a bit puzzling since charge-transfer reactions tend to be much faster.  This was confirmed with a time-resolved photoluminescence experiment (cf. Fig. 7) driven by a UV-LED and PMT readout, along with the associated electronics.  A fit to the decay data yielded a consistent 40 𝜇s decay time.  This long decay can be explained as a spin-forbidden transition which delays the photon release under the assumption that charge transfer accounts for the luminescence.  [image: ][image: ]
[bookmark: _Ref80354267]Figure 7 Radioluminescence of BaHfO3:Ce samplesA student’s setup for evaluation of optically stimulated decays.
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[bookmark: _Ref80354029]Figure 6 Radioluminescence of BaHfO3:Ce samplesDecay curve measured under pulsed x-ray excitation from a Sr2CeO4 sample.





















The results from Year 1 are quite interesting and have led to two paths forward.  

1.  Seek other Ce-containing hosts with wider band gaps to allow the Ce3+* energy level to reside in the energy gap to continue our original line of inquiry.  

2. Use the longer decay time to explore the possibility to recycle the long-lived Ce3+ state before it transitions back to Ce4+.  Schematically, this is shown in Fig. 8 below where laser excitation (blue upward arrows) from the “low spin” ground state of Cerium on the long wavelength transition of the trivalent ion generates multiple photons on the d-f scintillation transition (purple downward arrows). Additionally, attempts will be made to speed up the hole capture reaction to reset the ion to Ce4+ using resonant excitation with a 5 micron laser.  

[image: ][image: ]

[bookmark: _Ref80354346]Figure 8 Radioluminescence of BaHfO3:Ce samplesPossible novel modes of operation Ce4+/Ce3+ scintillator.  The Ce4+ captures the electron into the 5d level of Ce3+.  Then Ce3+ captures a hole to return to the original state (not shown).  The scintillation can be further enhanced by using a laser to excite Ce3+ into the excited state again and observe the emission, which produces optical gain.



As we complete Year 1, and begin Year 2, we have already identified an inexpensive laser and optical filters to execute this intriguing experiment.  



1
8/20/21 1:17 PM	
image4.jpeg




image5.emf
300 400 500 600 700 800

0

2000

4000

6000

8000

10000

12000

 #4192

 #9194

 #9195

 #9196

QE: 13.5BA; 18.4SBA 

Barycenter 502 nm

20210426_JG_Sr2CeO4#419x_C31034

2020-04-26/JG PMT: C31034; x-ray: 40kV, 0.30mA; slits: 2 mm; gr: 600; aperture: no; filter: None; QE corrected

sample #SN419x

Sr

2

CeO

4

:-- 

 

 

intensity, arb. units

wavelength, nm


image6.wmf

image7.png
Excitation Spectrum for Sample 4192
2500 T T

2000 [~

~ 1500

Intensity (a.u.)

Q

S

S
T

500

0 Il Il Il Il
200 250 300 350 400 450
Wavelength (nm)





image8.png
Intensity (a.u.)

5000

Emission Spectrum for Sample 4192
T T T T

4500

4000 [~

3500

w

=}

S

S
T

N

133

=}

S
T

2000 [~

1500

1000 -

500 -~

———340nm
280 nm

0
350

400

450

500 550
Wavelength (nm)

600

650

700




image9.emf
Ce4+

CB

VB

K| =

Ce3+

A2: ~4.5 eV ~ 275 nm
A1: ~3.3 eV ~ 375 nm
T1:2.59 eV ~ 476 nm
T2: 2.36 eV ~ 522 nm









CB

VB

Ce3+

A1

A2: ~4.5 eV ~ 275 nm

A1: ~3.3 eV ~ 375 nm

T1: 2.59 eV ~ 476 nm 

T2: 2.36 eV ~ 522 nm

A2

T

1

T

2

Ce4+ 


image10.emf
Optlcal“"oaéfm
Readout










image11.png
1073

1074

107°

SrCeO#SN4195

— a
—
—— theo (1,35)us

100

200

time, us

300

400

500




image12.wmf
 


image1.emf
300 350 400 450 500 550 600 650

0

20k

40k

60k

80k

100k

120k

 SrHfO

3

:Ce #6001

 #304

 #315

 #320

 BGO #RMD

 BGO #5

BaHfO

3

:Ce 

 

 

intensity, cts/sec

wavelength, nm


image2.png
= Total DOS

— spin1

+ spin |

@ cav/vem

(A8) 'wB3—3g

-4

Density of States

Wave Vector




image3.jpeg
| b“/Xh/O
s ~0242/2)vim





