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Content Warning
This presentation contains medical images, 
including depictions of injuries, which some viewers 
may find distressing. Viewer discretion is advised.













Phase Symptom
Whole-body absorbed dose (Gy)

1–2 Gy 2–6 Gy 6–8 Gy 8–30 Gy > 30 Gy

Immediate

Nausea and vomiting 5–50% 50–100% 75–100% 90–100% 100%

Time of onset 2–6 h 1–2 h 10–60 min < 10 min Minutes

Duration < 24 h 24–48 h < 48 h < 48 h
— (patients die in < 

48 h)

Diarrhea None None to mild (< 10%) Heavy (> 10%) Heavy (> 95%) Heavy (100%)

Time of onset — 3–8 h 1–3 h < 1 h < 1 h

Headache Slight Mild to moderate (50%) Moderate (80%) Severe (80–90%) Severe (100%)

Time of onset — 4–24 h 3–4 h 1–2 h < 1 h

Fever None
Moderate increase 
(10–100%)

Moderate to severe 
(100%)

Severe (100%) Severe (100%)

Time of onset — 1–3 h < 1 h < 1 h < 1 h

CNS function No impairment
Cognitive impairment 
6–20 h

Cognitive impairment > 
24 h

Rapid incapacitation
Seizures, tremor, ataxi
a, lethargy

Latent period 28–31 days 7–28 days < 7 days None None
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Phase Symptom

Whole-body absorbed dose (Gy)

1–2 Gy 2–6 Gy 6–8 Gy 8–30 Gy > 30 Gy

Illness

Mild to moderate
Leukopenia

Fatigue

Weakness

Moderate to severe
Leukopenia

Purpura

Hemorrhage

Infections

Alopecia after 3 Gy

Severe leukopenia
High fever

Diarrhea

Vomiting

Dizziness and

disorientation
Hypotension

Electrolyte 

disturbance

Nausea
Vomiting

Severe diarrhea

High fever

Electrolyte 

disturbance
Shock

— (patients die in < 

48h)

Mortality

Without care 0–5% 5–95% 95–100% 100% 100%

With care 0–5% 5–50% 50–100% 99–100% 100%

Death 6–8 weeks 4–6 weeks 2–4 weeks 2 days – 2 weeks 1–2 days
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#1: Demon core incident
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Three Pu cores were created by August 1945:
1) Gadget: Trinity test

2) Fat Man: Nagasaki bombing
3) ‘Third shot’, never used for bombing 

May 21st 1946:
Criticality experiment with Pu core using Be reflector

‘Nuclear cowboy’ Louis Slotin performed an approach 
to criticality experiment by lowering the top Be half 

onto the Pu core – by hand and with a screwdriver 
(the flat end of the screwdriver was supposed to 

ensure minimal spacing between the spheres, thereby 

ensuring no super-criticality)



Clip from 1989 Movie
Fat Man and Little Boy
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▪ Screwdriver slips, core goes supercritical

▪ Flash of blue

▪ Slotin grab the sphere top half and 
removes it 

▪ Slotin tells everone in the room to remain 
where they stood, gives them chalk to 
mark their locations

Demon core incident 
aka Pojarito accident
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How to determine the 
dose?

14

No dosimeters were worn!

Gamma dose was estimated 

based on total amount of 
fissions in the core and the 

distance of the individuals
Neutron dose was estimated via Na24 activity in blood:

1966: Energy of n emitted in fission was measured



Aftermath
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Name
Age at 

accident
Profession Dose Aftermath

Louis Alexander 

Slotin
32 Physicist

1,000 rad (10 Gy) neutron

114 rad (1.14 Gy) gamma

Died 9 days after 

the accident 

of acute radiation 

syndrome, 

gastrointestinal 

focus.

Alvin C. Graves 36 Physicist
166 rad (1.66 Gy) neutron

26 rad (0.26 Gy) gamma

Died in 1965 from 

heart attack. Heart 

problems 

exacerbated by 

radiation.

Marion Edward 

Cieslicki
23 Physicist

12 rad (0.12 Gy) neutron

4 rad (0.040 Gy) gamma

Died of leukemia in 

1965.

Dwight Smith 

Young
54 Photographer

51 rad (0.51 Gy) neutron

11 rad (0.11 Gy) gamma
Died in 1975.

Raemer Edgar 

Schreiber
36 Physicist

9 rad (0.090 Gy) neutron

3 rad (0.030 Gy) gamma
Died in 1998.

…
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What kind of dosimeters 
are used nowadays?
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Luminescence 
dosimeters: advantages

• Small detectors

• No cables

• Precision and accuracy

• Convenience (easy to read, cheap)

• Similar to tissue or water

• Minimal influence of magnetic field

• Supposedly minimal influence of dose rate

Most detectors use:

• Thermally stimulated luminescence (TL)

• Optically stimulated luminescence (OSL)

• Radio-Photo-Luminescence (RPL)

Pag e 
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Examples of luminescent detectors
Page 
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Thermoluminescence (TL) detectors

TLDs

Radiophotoluminescence (RPL) 

detectors - RPLDs

Optically stimulated 

luminescence (OSL) detectors

OSLDs
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Conduction band

Valence band

Electron 

trap

Conduction band

Valence band

Recombination 

center

① Irradiation ② Stimulation

Signal ∝ Dose



A perfect crystal
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An imperfect perfect 
crystal
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An irradiated imperfect 
crystal
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An irradiated imperfect 
crystal
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After irradiation: 
Stable traps
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After irradiation:
Shallow traps at room temperature
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During TL readout
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During OSL readout
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Material examples
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Al2O3:C

LiF:Mg,Ti
Sądel, M., Bilski, P., and Swakoń, J. (2014). Relative TL and OSL 

efficiency to protons of various dosimetric materials. Radiation 

Protection Dosimetry 161, 112-115.
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Al2O3:C TL video
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Feldspar TL video



A comparison between 
the techniques

Pag e 
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TL

• Thermal contact

• Destructive readout

• Broad detection 
possible

• Blackbody background

• Only integrated 
luminescence

• Affected by thermal 
quenching

OSL

• Optical readout

• (Semi)destructive 
readout

• Need to block 
stimulation light

• Low background (light 
leakage)

• Time-resolved 
measurement possible

• Not affected by thermal 
quenching



Basic TL setup
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PMT

TL

Optical filters
(optional)

Heater



Basic OSL/RPL setup
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PMT
Light source

OSL/RPL

Optical filters

Optical filters



Commercial readers
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FGD-660 RPL readers 
(Chiyoda Technol Co.)

Harshaw TLD readers

ALNOR TL reader



Procedure

• Preparation

−TL, RPL: Annealing (e.g. 400 C for 1h)

−OSL: Annealing or bleaching (e.g. green LEDs for a few hours)

• Packaging

− Individual packaging or dosimeter holders with various filters

−OSLDs (and some TLDs) must be protected from light

• Readout

−Seconds to minutes per detector, depending on readout protocol

• Data analysis

−Correction for individual sensitivity

−Calibration (e.g. batch)

Pag e 
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Break
Pag e 36



Simulation of surface 
detonation:
10 kt HEU improvised device

Estimated fatalities: 64’980 +
Estimated injuries: 166’500 +

Emergency Dosimetry

2
0
2

1

→ Care facilities above capacity 
→ Triage procedures to separate well-
worried from immediate care patients

Doses above 2 Gy warrant immediate care

A triage tool should be:
-widely available
-simple to use 
- tested in radiation accidents
- relatively inexpensive

Available tools:

Physical and Biodosimetry



▪ https://nuclearsecrecy.com/nukemap/

NukeMAP by Alex Wellerstein
38
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Why 2 Gy as limit?



Why 2 Gy as limit?
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Chernobyl data shows:
Above 2 Gy the chances of death are greatly increased, 

treatment required to maximize odds of survival
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Onset of vomiting
42

Vomiting also occurs with many clinical disorders 
as well with mass casualty events involving

•Physical trauma
•Psychological stress

•Biological threats

•Chemical threats
… not very specific signal!

Onset of vomiting is well correlated with dose:
Earlier onset ⟺ Higher Dose

Source:



Assay of dicentric 
chromosomes

43

Number of observed dicentric chromosomes is a good signal
But:
Few laboratories have sufficient experience to perform this assay..



Biological markers:
Blood cell counts
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▪ Radiation can damage or destroy the 
hematopoietic stem cells in the bone 
marrow, which are the precursor cells for all 
blood cells

▪ Disruption in the normal process of blood 
cell production: Neutrophils, Lymphocytes, 
Platelets

▪ Above: Data from a Chernobyl victim 
estimated to have received 3 Gy

▪ Below: Neutrophil/Lymphocyte ratio data 
from the Y12 accident patient B + data 
points from Hiroshima & Nagasaki

▪ N/L ratio good predictor for dose, biggest 
change after 20d 



Lymphocyte kinetics 
after exposure
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D
o

s
e

Blood samples taken after exposure can follow the 
‘depletion kinetics’ that depends on dose

Gives a rough estimate of dose 
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Simulation of surface 
detonation:
10 kt HEU improvised device

Estimated fatalities: 64’980 +
Estimated injuries: 166’500 +

Emergency Dosimetry

2
0
2

1

→ Care facilities above capacity 
→ Triage procedures to separate well-
worried from immediate care patients

Doses above 2 Gy warrant immediate care

→ Dose information from fortuitous dosimeters,
i.e. from a material a person is likely to have on them during exposure

Biological dose diagnostic tools too slow 
for triage of large scale events
→ Dose from materials in the environment 
as surrogate for personal dose

A triage tool should be:
-widely available
-simple to use 
- tested in radiation accidents
- relatively inexpensive



▪ Based on a biological material derived from the individual (bone, teeth, nails) 
or personal belongings (smartphone, electronics, clothing)

▪ Available methods:

• Luminescence techniques (TL, OSL) 

• Electron paramagnetic resonance (EPR) techniques  

Physical dosimetry
48

Fortuitous dosimeters need:
- Ubiquity among population 
- Proportionality to dose
- Sensitivity below 2 Gy
- Simplicity and speed of dose 

information retrieval



Electron paramagnetic 
resonance (EPR) 
dosimetry

49

EPR detects the presence of unpaired electron spins within a substance

With bone, tooth enamel, and finger/toenails, unpaired spins occur in 
the form of free radicals following the trapping of delocalized electrons 
induced by exposure to ionizing radiation

E.g. in calcium-based biogenic material carbonate radicals of the type 
CO2

- are generated during exposure, which can be seen in EPR



EPR physics
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•Unpaired electrons in a magnetic field split into parallel and 
anti-parallel states.
•Magnetic field scanning with constant microwave energy 
causes absorption at the ‘right’ field strength
•Absorption strength correlates with unpaired spin 
concentration i.e. signal related to absorbed dose.

BGS=Background

RIS=Radiation induced signal



Electron paramagnetic 
resonance (EPR) 
dosimetry

51

Fortuitous dosimeters need:
- Ubiquity among population 
- Proportionality to dose
- Sensitivity below 2 Gy
- Simplicity and speed of dose 

information retrieval

Works for bone, tooth enamel, and finger/toenails
But: In the case of an emergency, are you willing to give some bone, a tooth or a nail for analysis?



▪

In view of the difficulties and uncertainties caused by the mechanical 
harvesting of finger-and-toenails, the development of an in vivo 
evaluation technique would be valuable.

Quote
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In vivo tooth EPR 
prototype
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▪ Sugars

▪ Some types of clothing

▪ Smart phones, watches, credit cards

But: A lot of background signals in these materials, or sensitivity to 
ambient light

Other EPR sensitive 
materials
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Luminescence 
techniques
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TL and OSL are conventionally used techniques
• High sensitivity

• Ease of use
• High throughput

• Standardized protocols exist 

(but obviously people are not always wearing a dedicated dosimeter)



OSL response of tooth 
enamel
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Teeth once more give a good signal.
But similar problem as before…



OSL from clothing 
samples
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OSL signal detectable from clothing samples, 
but only at doses above several Gy



OSL from smartphone 
components
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Surface-mounted resistors (SMRs)



▪ TL of ceramic tiles of traditional Japanese buildings 

(Most were exposed to extreme heat, so very ‘selected’ data)

Building materials
59



Other fortuitous 
dosimeters

2021

Ibuprofen



Dollar Bill OSL
61



Continued…
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…
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Summary
65

▪ Emergency triage in radiological mass casualty events requires dose 
information (>2Gy YES/NO): Quickly, Easily, Reliably

▪ Biodosimetry tools 
• give good signals  

• classical tools such as blood cell counts quick and reliable, signal in days

• modern tools (gamma-H2AX), signal in hours 

• …. but ‘fancy tools’ require ‘fancy’ labs

▪ Physical (fortuitous) dosimetry based on TL, OSL or EPR can give good 
signals within minutes 

• EPR signals from bone, teeth, nails are good & are quickly measurable (but 
sample ‘retrieval’ can be tricky)

• TL and OSL signals from clothing, smart phones usable, but standard 
protocols are yet to emerge (willing to yield your phone in a nuclear event?)



▪ Hempelman, Louis Henry; Lushbaugh, Clarence C.; Voelz, George L. 
(October 19, 1979). What Has Happened to the Survivors of the Early 
Los Alamos Nuclear Accidents?

▪ Reassessment of the Atomic Bomb Radiation Dosimetry for 
Hiroshima and Nagasaki – Dosimetry System 2002 (DS02) 
https://www.rerf.or.jp/en/library/list-e/scids/ds02-en/

▪ D. J. Strom: Health Impacts from Acute Radiation Exposure 
PNNL 14424, 2003

▪ https://www.iaea.org/sites/default/files/21/12/12_accident-
_reformat.pdf IAEA guide on Accident Dosimetry
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